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While metals are widely used in our life, certain metals can be toxic to humans. 
Arsenic, as a metalloid, is widely dispersed in the Earth’s crust. The presence of 
arsenic in the groundwater is of natural origin and being released from the sediment 
into the groundwater due to the anoxic conditions of the subsurface. High 
concentration of arsenic in deeper levels of groundwater has become a high-profile 
problem in recent decades, causing serious arsenic poisoning to large numbers of 
people. Meanwhile the contaminant situation is elevated by human activities, among 
which metal mining and smelting are the most important. With the acute shortage of 
drinking water, there is a growing concern for potable water quality due to natural and 
anthropogenic pollution. 
In this study, two types of nano-sized adsorbents, yttrium ferric binary 
nanoparticles (YFNP) and zirconium based nanoparticles (ZNP), with high adsorption 
capacity of arsenic were developed by co-precipitation method. Two series of the 
related nanoparticles embedded flat sheet membranes, PSF/YFNP blend flat sheet 
membranes (YFNP-BFSM) and PSF/ZNP blend flat sheet membranes (ZNP-BFSM) 
were synthesized by phase inversion method. Both the batch and filtration 
experiments were conducted to investigate the arsenic adsorption behavior of the 
materials. A series of characterization studies were also carried out to fully understand 
the mechanism of the removal process.  
The YFNP were found to perform an extraordinary adsorption capacity of arsenate 
over a wide range of solution pH. The maximum adsorption capacity of arsenate was 




process of arsenate was proved to be a chemisorption process. An ion exchange 
process between functional groups on the YFNP, such as hydroxyl group or carbonate 
group, and arsenate ions in the solution may occur during the adsorption. The change 
of ionic strength in the solution did not affect the adsorption capacity indicating the 
inner-sphere complexes were formed in the adsorption process. 
The ZNP were proved to be highly effective for arsenate removal in the previous 
study. The removal efficiency of arsenite and organic arsenic were further studied in 
details in this study. The results showed that the uptake of arsenite by the ZNP was 
highly pH dependent. A high adsorption capacity towards arsenite was observed in 
pH range of 5-10.The maximum adsorption capacity for arsenite removal could 
achieve 138.75 mg-As/g at the optimal pH of 8 without per-oxidation. The kinetics 
study implied that two rate-limiting steps were involved in the adsorption process. 
The boundary layer effect was prominent at the beginning, after that the intraparticle 
diffusion governed the adsorption process. It was worthwhile to notice that the ZNP 
were also effective for methylarsonic acid (MMA) removal with a maximum 
adsorption capacity of 107.25 mg-As/g. The spectroscopic analysis suggested 
hydroxyl and sulfate groups were involved in the adsorption process.  
The PSF/YFNP blend flat sheet membranes (YFNP-BFSM0, YFNP-BFSM0.5, 
YFNP-BFSM1.0, YFNP-BFSM1.5 and YFNP-BFSM2.0) with different YFNP 
loading were fabricated by phase inversion method. The effects of the YFNP loading 
on the membrane properties were discussed. The batch adsorption experiments of 
arsenate onto the YFNP-BFSM2.0 showed the maximum adsorption capacity could 
achieve as high as 229.77 mg-As/g at pH of 4. The adsorption process was consistent 




the YFNP-BFSM2.0 indicated that the filtration performance was not significantly 
affected by the influent pH. The adsorption capacity at the point of breakthrough (at 
which the effluent concentration is above maximum contaminant level (MCL)) was 
around 910 mg-As/m2. This revealed that 1 m2 of the YFNP-BFSM2.0 can be used to 
successfully treat nearly 9500 L arsenate contaminated water with initial arsenate 
concentration of 100 µg-As/L under a very low pressure of 5 psi.  
A series of PSF/ZNP blend flat sheet membranes (ZNP-BFSM0, ZNP-BFSM1, 
ZNP-BFSM2 and ZNP-BFSM3) with different ZNP loading were fabricated by phase 
inversion method. The morphology structure and properties such as permeability, 
porosity, contact angle and mechanical properties were tested to investigate the 
influence of the ZNP loading. According to results of the batch adsorption study, the 
maximum adsorption capacity of arsenate, MMA and dimethylarsinic acid (DMA) 
onto the ZNP-BFSM3 were 119.63 mg-As/g, 21.61 mg-As/g and 11.11 mg-As/g, 
respectively. A buffering effect of the membrane matrix was observed in the 
adsorption process which resulted in a higher adsorption performance over a wider pH 
range but slowed down the adsorption kinetics. The continuous dead-end filtration 
study using the ZNP-BFSM3 showed the adsorption capacity at the point of 
breakthrough was 1500 mg-As/m2. That means, for the arsenate contaminated water 
under neutral pH condition, 1 m2 of the ZNP-BFSM3 can be used to successfully treat 
nearly 8000 L arsenate contaminated water with initial arsenate concentration of 200 
µg/L under a pressure of 10 psi (0.69 bars). Moreover, the operation time required by 
the ZNP-BFSM3 for treating these 8000 L arsenate contaminated water was only 
18.61 h, which is much faster than that of the ZNP embedded hollow fiber membrane. 




that is also comparable to the YFNP-BFSM2.0. Thus the ZNP-BFSM3 is considered 
as a potential alternative material for arsenic removal from drinking water. 
Furthermore, according to the results from batch study, this blend membrane can also 
be used for the treatment of industrial wastewater containing high concentration of 
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1.1 Background and problems 
Metals are widely used around the world, not only existing in the various types of 
machining equipment, construction materials, vehicles, transport and defense systems, 
as well as in medicine and dentistry. The metals with high molecular weight are 
classified as heavy metals. In chemistry, heavy metals are defined by their relative 
density of more than five, mainly including transition metals, some metalloids, 
lanthanides, and actinides. In the field of environmental chemistry and toxicology, 
heavy metals are generally classified into three categories. One is conventional highly 
toxic “heavy metals”, such as Hg, Cr, Pb, Cd etc. The second part is toxic half-metal 
or metalloid elements, such as As, Se etc. The third part includes common but toxic 
metals, such as Cu, Zn, Ni, Co etc. In industries these elements and their compounds 
are widely used and may finally go into water bodies through various pathways while 
the industry wastewater is discharged. The threat of heavy metals to environment lies 
in their accumulation character, mobility and toxicity. Excess concentration of heavy 
metal will seriously threaten all live species and cause various health consequences. 
Heavy metals can enter the organism by ingesting, inhaling and adsorbing through the 
skin. For long term exposure, cancers of the major organs, nerve damage and other 
disease can be caused.  
Arsenic is one of the main toxic heavy metals which are listed in United States 
Environmental Protection Agency’s (USEPA) 129 priority pollutants. As a metalloid, 
it is often used in pesticides, herbicides and insecticides due to its high poisonousness. 
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Arsenic occurring in water may be caused by both natural processes and 
anthropogenic sources. In groundwater, arsenic can be released from the sediment due 
to the anoxic conditions of the subsurface. It is unmanageable and an issue of major 
concern. Meanwhile, other natural processes like weathering, volcanism and 
biological activities may also lead to arsenic emission into the aquatic environment. 
Moreover, the discharge of industrial waste containing high concentration of arsenic 
exacerbates the problem. The Arsenic pollution of ground water is found in many 
countries throughout the world, especially in South and East Asia. A study of 
Brammer and Ravenscroft (2009) reported that over 137 million people in more than 
70 countries are probably affected by arsenic contamination of drinking water. High 
concentration of arsenic poisoning will cause abdominal pains and death quickly 
while low concentrations will cause less severe responses. However, long term 
arsenic exposure to low concentration may give rise to a variety of symptoms. The 
elevated level of arsenic in the body could result in cancers of lung, bladder or kidney. 
Besides of its carcinogenicity, hyperkeratosis and skin lesions are also signs of 
chronic arsenic poisoning. Consequently, stricter regulations have been made, the 
World Health Organization (WHO) has declared that the water quality from public 
water systems must meet the 10 µg/L arsenic standard comparing to the previous 
standard of 50 µg/L and more and more countries begin to follow this standard 
(World Health Organization., 2011). 
Arsenic pollution in ground water is a persistent problem that cannot be neglected. 
There is no medical cure for arsenic poisoning; thus, the solution to the threat of 
arsenicosis is preventing arsenic exposure. Several conventional heavy metal 
treatment technologies are carried out for arsenic removal and improved unceasingly, 
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including chemical precipitation, ion exchange, biological processes, adsorption 
treatment and membrane process. However several limitations have been observed in 
their actual application processes. 
Chemical precipitation is a widely used technology in the treatment of heavy metal 
wastewater, especially when the target heavy metal is in a very high concentration. 
Numerous studies have been performed to evaluate arsenic removal using alum and 
iron salts. But this process does not have a high dewatering capacity. Thus this 
process is often limited by the high volume of sediment. It is a big problem to deal 
with the sludge, because they are usually not chemically stable. Another limitation 
comes from the treatment efficiency, which is determined by the metal compounds’ 
productivity. Sometimes, it may need to raise the pH to a very high value to get the 
required effluent quality. Furthermore, chemical precipitation process is not efficient 
for the ground water treatment due to a relatively low concentration of arsenic. 
Ion exchange is another widely used heavy metal treatment technology owing to its 
ability of the uptake of ionic contaminant in low concentration, with high efficiency 
and rapid reaction rate. Both cation and anion exchangers were studied on arsenic 
removal. However, the relatively high cost, chemical instability and strict requirement 
in the influent have hindered its application in large scale. Moreover, the impurities in 
the solution, such as calcium, sulfate, total dissolved solids (TDS), selenium, fluoride, 
phosphate and nitrate, will negatively affect the metal removal efficiency. 
Biotechnology has substantial promise for the removal of arsenic species by direct 
bioaccumulation involving arsenic species or microbial oxidation to produce biogenic 
hydroxides/sulfides for subsequent arsenic adsorption or precipitation. Although 
biological treatment produces less sludge than conventional coagulation/precipitation 
Chapter 1: Introduction 
4 
 
process, there still are several limitations in terms of efficiency and economic benefit. 
In consideration of the possible influence on human health, only few of bacteria can 
be used for drinking water purpose. Moreover, the biological activity would be 
inhibited by high concentrations of arsenic. 
The membrane process has become an attractive technology in heavy metal 
wastewater treatment such as reverse osmosis and electrodialysis. Ning (2002) had 
reviewed the mechanisms of arsenic removal by RO and concluded that arsenic could 
be effectively removed. While the studies of Pedersen et al. (2005) and Basha et al. 
(2008) found that electrodialysis can also achieve high removal efficiency of arsenic. 
However the limitations of the membrane processes lie in the high cost due to high 
pressure loss of membrane and membrane fouling problem. Often, pretreatment 
process must be implemented to meet the requirements of the influent water quality. 
As a result, these pretreatment processes will increase the costs for the membrane 
treatment process. 
Adsorption process is considered to be one of the most promising technologies due 
to its low-cost, availability, profitability, ease of operation and high efficiency. 
Recently, a wide range of adsorbents have been developed for the arsenic removal. 
Gu et al. (2005) developed iron-containing granular activated carbon adsorbents (As-
GAC) for arsenic removal from drinking water. Low cost agricultural by-products 
such as untreated rice husk was utilized for aqueous arsenic remediation (Amin et al., 
2006). Some industrial wastes also could be used for arsenic adsorption. Zhang and 
Itoh (2005) synthesized an adsorbent for aqueous arsenic removal by loading iron(III) 
oxide onto melted municipal solid waste incinerator slag. Metal oxides have been 
used as adsorptive material for a long time. They are also applicable for the removal 
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of arsenic. A number of studies of were conducted on the removal of arsenate and 
arsenite by metal oxides, including single metal oxides (e.g. manganese dioxide, 
activated alumina, titanium dioxide, Lanthanum hydroxide, ferrihydrite oxides and 
zirconium oxide) and mixed oxides (e.g. mixed rare earth oxides, Portland cement, 
soil aquatic sediments and sea sediments). However, these adsorbents suffer from low 
adsorption capacities or removal efficiencies of arsenic ions or difficulty in separation 
after treatment. Therefore, more efforts need to be devoted to develop novel and more 
effective materials for arsenic removal. 
Recently, adsorptive membrane synthesized by blending the highly effective 
adsorbent into the membrane matrix has attracted an increasing attention. The 
adsorptive membrane can be operated in the low pressure which is similar to the 
conventional UF/MF processes but obtain a high removal efficiency of the pollutant 
by adsorption mechanism. In such systems, the membrane matrix can be used as a 
positive barrier to exclude particulate contaminants while the loading adsorbents 
efficiently remove the ionic or non-ionic contaminants. Tomaszewska and Mozia 
(2002) developed a powdered activated carbon combined ultrafiltration system for 
removing organic matter. The laboratory scale UF system exhibited an adsorption 
capacity of humic acid which indicated the possibility of the application of hybrid 
membrane system.   
1.2 Objectives 
The main aim of this work is to develop novel adsorptive materials including 
adsorbents and adsorptive membranes for arsenic removal from water. A series of 
functional nano-size particles and membranes will be fabricated and applied to the 
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arsenic adsorption. Hence, the research work aims to accomplish the following 
specific objectives: 
1. To develop novel nano-sized metal oxide adsorbents including yttrium ferric 
binary nanoparticles (YFNP) and zirconium based nanoparticles (ZNP) via co-
precipitation method for arsenic removal.  
2. To characterize the physicochemical properties of the developed adsorbents by 
analytical techniques including field emission scanning electron microscopy 
(FESEM), X-ray photoelectron spectroscopy (XPS). 
3. To investigate the adsorption behavior and the mechanisms by a series of batch 
adsorption experiments and theoretical models including kinetics and isotherm study, 
as well as the influences of solution pH, ionic strength and co-existing substances. 
4. To design and fabricate novel fleet sheet adsorptive membranes by embedded 
the nano-sized adsorbents into the polymer matrix for arsenic removal via phase 
inversion method.  
5. To demonstrate the effect of the nanoparticles loading on the membrane 
morphology, permeability, hydrophilicity and mechanical properties via instrumental 
analysis including FESEM, atomic force microscope (AFM), contact angle analysis, 
pure water flux (PWF) and tensile strength measurement. 
6. To perform the application studies of the blend flat sheet membranes for arsenic 
removal via both batch and continuous filtration experiments. 
 





In this chapter, the properties of arsenic will be reviewed including solution 
chemistry, sources in the environment, toxicity and corresponding regulations on 
drinking water. Moreover, an overview of the studies on current arsenic treatment 
technologies as well as the gaps of these technologies will also be presented in this 
chapter. 
2.1 Arsenic in aqueous 
2.1.1 Arsenic species 
Arsenic (atomic number 33, atomic mass 74.9216), first isolated by a German 
philosopher and theologian, Albertus Magnus in 1250 AD, is ranked as the 20th most 
abundant element in the earth’s crust (Mandal and Suzuki, 2002). It lies in the ‘P’ 
block of the Periodic System in which it is placed between phosphorus and antimony. 
The mass numbers of its isotopes range from 68 to 80 and only the natural isotope 75 
is stable in the nature. As a center element of the ‘P’ block, it can be found both in 
metallic and covalent compounds with the oxidation states of –III, 0, +III and +V 
(Stoeppler and Vahter, 1994).  
Arsenic trihydride (arsine, AsH3), the gaseous form of arsenic, is colorless, very 
poisonous, and will emit a characteristic garlic odor if its concentration reaches 
hazardous level to health. It will be oxidized to other arsenic compounds after 
dissolved into the water (Pakulska and Czerczak, 2014). Elemental arsenic exists in 
the forms of metallic gray, yellow and black arsenic at room temperature. Among 
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them, gray arsenic is the most common and stable form. It can be oxidized to arsenic 
trioxide while heated in air, and arsenic trioxide is only slightly soluble in water. 
While reacting with sodium hydroxide solution it forms arsenite. And arsenic tri-
chloride will be formed while it contact with concentrated hydrochloric acid (Fowler 
et al., 2015). 
 
Figure 2.1. Eh-pH diagram for aqueous As species in the system As–O2–H2O at 25 °C 
and 1 bar total pressure. (Adapted from Smedley and Kinniburgh (2002) with 
permission from Elsevier.) 
In aquatic environment, arsenic compounds mainly exist in oxidation states, 
including trivalent arsenic and pentavalent arsenic, which may be further classified 
into two major groups: inorganic arsenic compounds and organic arsenic compounds. 
Among them, inorganic arsenic is usually dominant species in water. The most 
common trivalent inorganic arsenic compounds are arsenic trioxide, sodium arsenite, 
and arsenic trichloride while arsenic pentoxide, arsenic acid, and arsenate are the most 
common pentavalent inorganic compounds. Organic arsenic compounds with 
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relatively lower toxicity can be produced by naturally biological activity or industrial 
process. Common organic arsenic compounds are arsanilic acid, methylarsonic acid 
(MMA), dimethylarsinic acid (DMA), and arsenobetaine (Fowler et al., 2015). 





























































































Figure 2.2. Distribution of arsenic species as a function of solution pH: (a) arsenate; 
(b) arsenite. (Constructed by MINEQL+ 4.5) 
Sodium arsenite and sodium arsenate as the most common forms of inorganic 
arsenic have high solubility in water. Interchanges in valence state may occur in water 
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solutions, depending on the redox potential (Eh) and pH of the solution. As shown in 
Figure 2.1, under oxidizing conditions, H3AsO4
0 and AsO4
3- as the dominant species 
of arsenate (As(V)) may be present respectively in extremely acidic and alkaline 
conditions. H2AsO4
- is dominant at pH less than 6.9, whilst at higher pH, HAsO4
2- 
becomes dominant. Under reducing conditions at pH below 9.2, the uncharged 
arsenite (As(III)) species H3AsO3
0 will predominate. At pH between 9.2 and 12, 
H2AsO3
- becomes dominant. HAsO3
2- predominates at pH between 12 and 13.5. In 
extremely alkaline conditions AsO3
3- may be present (Smedley and Kinniburgh, 2002). 
The distributions of the arsenic species as a function of solution pH are present in 
Figure 2.2. 
2.1.2 Arsenic occurrence and sources in water 
Arsenic could occur naturally and distribute widely in surface water, groundwater 
and even finished drinking water. Weathering, volcanism, dissolution in water, 
biological and anthropogenic activities may lead to arsenic emissions into the aquatic 
environment. It is present in igneous and sedimentary rocks and ores mainly in the 
form of arsenite and arsenate. The methylated forms can also be produced as a result 
of the biological activity, which are generally in low concentrations than the inorganic 
ones. Anthropogenic sources of arsenic includes combustion of fossil fuels, non-
ferrous smelteries, production of glass and semiconductors, mining and preparation of 
fossil and mineral resources, use of feed additives for poultry and pigs, production 
and use of arsenical pesticides, preservation of wood, and cutting and burning of 
preserved wood. In some regions and countries, arsenic is also used as a medicine, 
namely sodium methylarsinate, as an alternative to phenylarsonic acids (Garelick et 
al., 2008; Stoeppler and Vahter, 1994). After entering the environment, the arsenic 
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compounds will undergo chemical transformation. Besides the arsenite-arsenate 
conversion which is facilitated by the redox potential and pH, other transformation 
reactions are mediated by biochemical process. The most commonly found of arsenic 
compounds in water are arsenite and arsenate ions, monomethylarsonic and 
dimethylarsinic acids, di- and trimethylarsine as well as other organoarsenical 
compounds such as arsenobetaine (Asbet), phenylarsonic acid and arsenosugars 
(Amran et al., 1995). The most toxic compounds of arsenic are the inorganic forms. 
The formulas of the main arsenic compounds are shown in Table 2.1. 
Table 2.1 Formula of arsenic compounds. 
Name Arsenite Arsenate MMA DMA 
Formula  
   
Name Trimethylarsine Arsenobetaine Phenylarsonic acid Arsenosugar glycerol 
Formula 
    
 
Concentrations of arsenic in aqueous environment vary by several orders of 
magnitude owing to the different sources, the amount available and the local 
geochemical environment. The reported arsenic concentrations are often extreme and 
unrepresentative of natural waters as a whole. For example, the concentration of 
arsenic in groundwater turns out to be the highest and in the greatest range. The 
reason for that is often associated with the geologic sources such as the water-rock 
interaction, the greater tendency in aquifers for the physical and geochemical 
conditions to be favorable for arsenic mobilization and accumulation. However, some 
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anthropogenic inputs can be also extremely important (Smedley and Kinniburgh, 
2002).  
According to the study of Fowler et al. (2015), arsenic levels in groundwater of the 
USA average about 1-2 μg/L, except in some western states with volcanic rock and 
sulfide mineral deposits high in arsenic. An analysis of chemical composition of sub-
surface waters in the USA reported that the arsenic concentration was as high as 243 
mg/L in Searles lake brine, Inyo County, Calif. The water of Crabtree Springs, Calif. 
contains appreciable amounts of arsenic and emerges from serpentine replaced by 
opal containing veinlets of realgar and marcasite. Tjiater Springs in western Java 
deposited hundreds of thousands of tons of jarosite and iron phosphate high in arsenic 
(White, 1963). The total arsenic concentration in an extremely acid mine water from 
the Richmond Mine was found up to 850 mg/L (Nordstrom and Alpers, 1999).  
In several developing countries such as Bangladesh, India, Vietnam, China and 
Mexico, serious health consequences of drinking arsenic containment water with 
excess concentration levels was noticed (Agusa et al., 2006; Agusa et al., 2014; Akai 
and Anawar, 2013; Bhattacharya et al., 2014; Bian et al., 2012; Brammer and 
Ravenscroft, 2009; Nickson et al., 1998; Van Geen et al., 2008; Wyatt et al., 1998; 
Zhang et al., 2002; Zhang et al., 2013b). Some documented cases of naturally-
occurring arsenic problems in groundwater around the world are summarized in table 
2.2. Bangladesh and India are suffering the most serious risk in arsenic contamination. 
In India, the presence of natural arsenic in groundwater has been identified through 
the wide portions of north and east Indian Gangetic alluvial plain and delta, 
Brahmaputra river plain in northeastern states, central Indian state of Chhattisgarh, 
and several other regions of India, with at least 50 million people at risk 
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(Bhattacharya et al., 2014). Zhang et al. (2013b) indicated that, due to the mining 
activities, the average content of arsenic in the drinking water was as high as four 
times more than the environmental standard of arsenic in drinking water in Hetao 
Area, China. 
Table 2.2 Naturally-occurring arsenic contamination in groundwater. Adapted from 
Smedley and Kinniburgh (2002) with permission from Elsevier. 





Bangladesh < 0.5-2500 3 × 107 Strongly reducing, neutral pH, 
high alkalinity, slow groundwater 
flow rates 
West Bengal < 10-3200 3 × 107 Same as Bangladesh 
China:  5.6 × 106  
Taiwan 10-1820 105 Strongly reducing, artesian 
conditions, some groundwaters 
contain humic acid 
Inner Mongolia < 1–2400 105 Strongly reducing conditions, 
neutral pH, high alkalinity. Deep 
groundwaters often artesian, some 




40-750 500 Reducing, deep wells (up to 660 
m) are artesian 
Red River delta, 
Vietnam 





< 2-176 29 000 Reducing groundwater, some 
artesian. Some high in humic acid 
Argentina (Chaco- 
Pampean Plain) 
< 1-5300 2 × 106 Oxidising, neutral to high pH, 
high alkalinity. Groundwaters 
often saline. As mainly present as 
As(V), accompanied by high B, 
V, Mo, U. Also high As 
Northern Chile 
(Antofagasta) 
100-1000 5 × 105 Generally oxidising. Arid 
conditions, high salinity, high B. 
Also high-As river waters 
South-west USA:  3 × 105  
Basin and Range, 
Arizona 
< 1300  Oxidising, high pH. As 
(mainly As(V)) correlates 
positively with Mo, Se, V, F 






< 1-2600  Internally-drained basin. Mixed 
redox conditions Proportion of 
As(III) increases with well depth. 
High salinity in some shallow 
groundwaters. High. Se, U, B, Mo 
Southern Carson 
Desert, Nevada 
< 2600  Largely reducing, some high pH. 
Some with high salinity due to 
evaporation. Associated high U, 




8-620 4 × 105 Oxidising, neutral to high pH, As 
mainly as As(V) 
 
2.1.3 Arsenic toxicity, poisoning and regulations 
Arsenic has particular ecological significance due to its toxicity and variable 
oxidation state chemistry. The arsenic contamination in groundwater used for human 
consumption as well as for irrigation is a major environmental health hazard 
throughout the world. The fate of ingested arsenic in living organism involves 
oxidation and reduction reactions between As(V) and As(III) in the plasma and 
consecutive methylation reactions in the liver. Most of the ingested arsenic is finally 
excreted via urine and feces (e.g. in sweat) (Mandal and Suzuki, 2002). Arsenic can 
be toxic even in very low concentration due to the blocking of enzymes containing 
sulphydryl groups, and the rapidly formation of ADP-arsenate hydrolyzes by arsenate 
uncoupling of oxidative phosphorylation (Gresser, 1981). 
The toxicity of arsenic highly depends on its chemical forms, oxidation states, 
physical state, the rate of adsorption into cells, the rate of elimination, the nature of 
chemical substituent in the toxic compound and the pre-existing state of the patient. 
Among them, the chemical forms and oxidation states are more important factors in 
the arsenic toxicity. By far the inorganic forms of arsenic are considered to be 
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extremely toxic both acute and chronic. It is widely believed that methylation is the 
principal detoxification pathway. However, more recent studies have suggested that 
highly toxic reactive oxygen species generated by MMA(III) and DMA(III) 
mitochondrial toxicity may also play an important role in both the cellular toxicity 
and carcinogenicity of this element (Mandal and Suzuki, 2002). The study of Vega et 
al. (2001) showed the relative toxicity of arsenicals are as follows: inorganic arsenite 
(As(III)) > trivalent methylarsine oxide ((MAs(III)O) > complex of dimethylarsinous 
acid with glutathione (DMAs(III)GS) > dimethylarsinic acid (DMA(V)) > 
methylarsonic acid (MMA(V)) > inorganic arsenate (As(V)).  
Arsenic accumulation in the body can lead to arsenic poisoning. It is distributed in 
a large number of organs including the skin, lungs, liver, and kidney after entering 
into the body. The acute lethal dose of ingested inorganic arsenic in humans is about 
1-3 mg/kg/day (Fowler et al., 2015). Long-term exposure to inorganic arsenic can 
lead to serious dermatological problems such as skin cancer and Bowen's disease; 
cardiovascular problems such as black foot disease, Raynaud's syndrome, 
hypertension; and gangrene, neurological, respiratory, and hepatic disease, and 
diabetes. Extensive literatures have described cases of bladder, kidney, liver, prostate, 
and lung cancer induced by arsenic in drinking water (Chen et al., 1992; Chiou et al., 
2001; Fowler et al., 2015; Hopenhayn-Rich et al., 1996; Hopenhayn-Rich et al., 1998; 
Kuo et al., 1997; Morales et al., 2000; National Research Council (U.S.). 
Subcommittee on Arsenic in Drinking Water., 1999; Shen and Chen, 1965; Smith et 
al., 1998; USNRC, 1999). Besides the carcinogenic effects, the most common 
symptoms of arsenic poisoning are melanosis (dark/white pigmentation) and keratosis 
(warty nodules, usually on the palms and feet). Lesions can be infected easily and 
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gangrene can develop from walking on keratosis afflicted feet, which can lead to 
amputation and can be fatal (Caldwell et al., 2005; Smith et al., 2000). Patients may 
also experience swollen limbs and loss of feeling in legs and hands (Guha Mazumder, 
2008). The effect of medical treatment for melanosis and keratosis can only prevent 
further complication. Melanosis may disappear but keratosis is not altered although 
further complication can be prevented (Saha et al., 1999). 
On the basis of the sufficient report on the carcinogenic effect of inorganic arsenic 
compounds, International Agency for Research on Cancer (IARC) has classified them 
in Group 1 (carcinogenic to humans). The WHO’s current guideline for arsenic in 
drinking water is 10 μg/L (World Health Organization., 2011). This guideline value 
has been reduced from 50 to 10 μg/L since 2004, based on awareness of arsenic's 
toxicity and the current ability to measure arsenic, and it would be even lower if the 
health risk alone was considered (Smedley and Kinniburgh, 2002). This standard was 
widely accepted by many authorities including the European Union (EU), Japan and 
USEPA. In fact, in some regions and countries even far stricter standards are 
employed for arsenic in drinking water such as Australia (7 μg/L) and Denmark (5 
μg/L) (Kowalski, 2014). Moreover, the arsenic rule of USEPA in safe drinking water 
act has set the maximum contaminant level goal (MCLG) to be 0 mg/L.  
2.2 Current treatment technologies 
The conventional treatment technologies for arsenic removal from water mainly 
fall into five categories: chemical coagulation/precipitation, ion exchange, biological 
process, adsorption treatment and membrane filtration. In consideration of efficiency 
and cost effectiveness, each technology has its merit and demerit. The selection of the 
treatment process shall be based on water chemistry and process characteristics, to 
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achieve less chemical and energy consumption and to reduce the cost. Moreover, 
other factors such as local guidelines, country development stage, or authority’s 
requirements and restrictions for water treatment technologies can also affect the 
choice of implement on the arsenic treatment. By far, coagulation/filtration and 
adsorption process are the two most common technologies used widely in the world 
(Kowalski, 2014). 
2.2.1 Coagulation/precipitation 
Chemical coagulation/precipitation may be the most widely used technology in 
heavy metal wastewater treatment, especially when the target heavy metal is in high 
concentration. In the early 1970s, Gulledge and Oconnor (1973) found the 
coagulation process was efficient for arsenic removal. Since then, numerous research 
studies have been performed to evaluate and improve the coagulation process for 
arsenic elimination.  
In colloid chemistry, the coagulation or electrolytic coagulation process is the 
aggregation of colloidal or fine particles in a medium through the addition of 
electrolytic ions. The electrolytic ions will compress the electrical double layer of the 
particle surfaces, reduce the repulsion of the electrical double layer between the 
particles, and thus lower the potential energy barrier between the particles. 
In practice, the application of coagulation process for arsenic removal usually 
combines with other physical treatments such as sedimentation or filtration. Colloidal 
solid particles are usually suspended in arsenic contaminated water. After the addition 
of coagulants (electrolytic ions such as Al3+ or Fe3+ ions), the colloidal particles in 
small size will tend to aggregate into coagula which will be favorable for the sediment. 
The electrolytic ions would react with the arsenate ion resulting in aluminum arsenate 
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(AlAsO4) or ferric arsenate (FeAsO4) and finally adsorbed in the Stern layers of the 
colloidal particle surfaces. Thus the arsenate is removed through chemical adsorption. 
This step is also termed precipitation or co-precipitation. Then, the coagula settle 
down by sedimentation to be separated from water. However, due to the fine size of 
arsenic-bearing coagula, they usually settle down very slowly. As a result 
sedimentation is not effective enough to separate the coagula from water. Thus further 
filtration process could be needed to eliminate the arsenic-bearing coagula from water. 
The filter media (porous materials) used in this step could be paper filter, clothes, 
porous rubbers, porous ceramics, membranes and so on (Song and Gallegos-Garcia, 
2014). 
The type of coagulants, coagulation pH and per-oxidizing are important factors in 
coagulation process. Three frequently-used coagulants, namely alum, iron salts and 
lime softening, can be used to transform dissolved arsenic into an insoluble solid or 
form another insoluble solid onto which dissolved contaminants are adsorbed. All of 
these coagulants will be more effective if an oxidizing agent such as chlorine is added 
ahead of the flocculator and clarifier. To achieve a better performance the solution pH 
is required to be adjusted to 7 or less when alum is used as the coagulants. The usage 
of iron salts is less sensitive to the solution pH than that of alum. However, the 
optimum pH for lime softening coagulants is around 11. Since the pH of drinking 
water is normally no more than 8, several chemicals should be needed besides lime 
when lime softening is chosen for treat arsenic contaminated water including chlorine 
for pre-oxidation, base for pH adjustment and acid for lowering the pH after treatment 
(Kartinen Jr and Martin, 1995). 
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Owing to the low cost and high efficiency of coagulation-filtration process, it is the 
most promising process for the arsenic removal from high arsenic contaminated water. 
Song et al. (2006) studied an enhanced coagulation-filtration process with ferric 
sulfate as the coagulant and coarse calcite to eliminate arsenic from high arsenic 
contaminated water in a Mexican mine drainage system. The arsenic concentration 
was reduced from 5 mg/L to 13 μg/L indicated the removal efficiency was over 99 %. 
A bench-scale experiment of ferric ions coagulation followed by filtration was 
conducted to treat two water samples for US and Bangladesh with arsenic 
concentration of 0.068 and 0.138 mg/L respectively. Pre-oxidation was applied to 
ensure all the arsenic could be in the form of arsenate. The results indicated that 
process was effective in reducing arsenic concentration in the tested water. However, 
the qualities of raw water such as turbidity, pH and coexisting ion had a strong impact 
on the actual efficiency of removal (Wickramasinghe et al., 2004). A documented 
report of USEPA demonstrated that the conventional coagulation–filtration plants can 
consistently reduce the arsenic concentration in water from 19.1 μg/L to less than 5 
μg/L by adsorption and co-precipitation of arsenate with iron and aluminum flocs. But 
another plant with the lime softening facility could only reduce the arsenic 
concentration from 32.0 μg/L to 16.6 μg/L which cannot meet the MCL requirement 
yet (Fields et al., 2000).  
In a word, the coagulation-filtration process is widely accepted to be a good option 
for treatment of high arsenic contaminated water. However, some pre-treatments must 
be applied to obtain the needed effluent quality. For instance, extra base or acid would 
be needed to adjust the pH of the water to a specific pH value. Disinfection by 
products (DBPs) may become secondary contaminates while chlorine is used during 
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pre-oxidation process. Moreover, coagulation process often produces a high volume 
of sediment with a low dewatering capacity. Thus, the sludge treatment would 
become a big issue and a major barrier of its wide application. Furthermore, 
coagulation/precipitation process is not effective for the thorough removal of low 
concentration of arsenic from water. In that case, other processes such as adsorption 
and ion exchange, would be better than the coagulation-filtration process with respect 
to the efficiency and economy. 
2.2.2 Ion exchange 
Ion exchange is another widely used process in heavy metal treatment technology. 
In this process, arsenic ions can be eliminated from water through the reversible 
interchange of ions between anion-exchange resin and aqueous solution without 
permanent change in the structure of the resin (Korngold et al., 2001). 
The resins are based on a cross linked polymer skeleton which mostly consists of 
polystyrene cross linked with divinylbenzene loaded with charged functional groups 
at the ‘exchange sites’ by covalent bonding (Clifford, 1999). Calmon (1973) reported 
a preliminary study on arsenic removal using both cation and anion exchangers. As 
arsenic existed as an anion, cation exchangers produced no removal while anion 
resins yielded removals in both batch equilibrium tests and column tests.  
A study showed that the anion exchange resin loaded with chloride ions can 
achieve arsenic reductions of more than 95 % and can produce a treated water with an 
arsenic concentration of less than 2 μg/L (Kartinen Jr and Martin, 1995). Since only 
arsenate can be removed by anion exchanger in the pH range of natural waters, pre-
oxidation of arsenite to arsenate should be applied in advance to convert arsenite to 
arsenate (Clifford, 1999). As the selectivity of such resin to divalent anions is higher 
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than its selectivity to monovalent anions, the efficiency of the process at high pH, 
under which the proportion of divalent arsenic anions in the water is greater, may be 
expected to be higher too (Korngold et al., 2001). After the resin becomes saturated 
(all or most of the ‘exchange site’ are loaded with arsenic), it can be regenerated by 
sodium chloride. The chloride ion exchange resin can absorb arsenic and be 
regenerated according to the following reactions: 
  ClOAHROAHClR 4242 s-s-                                                                     2-1 
  ClOHAROHAClR 2s-s-2 42
2
4                                                                    2-2 
  4242 s-s- OAHClRClOAHR                                                                   2-3 
The groundwater contaminated with arsenic may also contain high concentrations 
of sulfate, nitrate, and chloride. The competition for the reactions between these 
anions and the resin is significant, thus, the efficiency of the ion exchange process 
would drop down accordingly. Many studies reported that the conventional anion 
exchange resins prefer sulfate ions to arsenic anions and, therefore, the sulfate ion is 
exchanged for chloride ions before the arsenic ions are removed. In high sulfate 
containing water, less arsenic can be removed than in low sulfate containing water 
(Choong et al., 2007; Clifford et al., 1998; Clifford, 1999; Clifford et al., 1999; 
Kartinen Jr and Martin, 1995; Korngold et al., 2001). An on-site ion exchange study 
by Ghurye et al. (1999) indicated the selectivity sequence for common anionic and 





- > Cl- > H2AsO4
-, HCO3
- >> Si(OH)4, H3AsO3 
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Besides the presence of other competing species in the solution, the other 
properties of water quality including total dissolved solids (TDS), alkalinity, and 
contaminant concentration also determine the arsenic removal capability largely 
during ion exchange process. 
The spent regenerant that induced during regeneration process is another issue. 
Large mass of regenerant must be used and disposed which could increase the cost of 
process. In order to reduce the cost and minimize waste disposal requirements, partial 
regeneration and regenerant reuse are two practicable methods. Clifford et al. (1998) 
reported that spent arsenic-contaminated brine could be reused more than 20 times by 
simply maintaining the chlorine ion concentration at 1.0 M without removing the 
arsenic. Anyhow, significant mass of regenerant will induce disposal problem 
especially when arsenic is a toxic substance. 
2.2.3 Biological processes 
Biotechnology has substantial promise for the removal of arsenic species by two 
main processes. One is direct bioaccumulation involving arsenic species by bacteria; 
the other is using microbial oxidation to produce biogenic hydroxides or sulfides for 
subsequent arsenic adsorption or precipitation. 
Interestingly, some microorganisms are not only resistant to arsenic toxicity but 
also able to use it in its own good. Arsenic is being incorporated into microorganisms 
by biochemical processes, like arsenite oxidase (Rhine et al., 2007), respiratory 
arsenate reductase (Newman et al., 1998) or cytoplasmic arsenate reductase (Silver 
and Phung, 2005). An arsenic eating bacteria was discovered by Wolfe-Simon et al. 
(2011). It was found that a bacterium, strain GFAJ-1 of the Halomonadaceae, from 
the Mono Lake, USA, can substitute the arsenic for phosphorus in their cell 
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components as a part of chemical backbone of the DNA and RNA. Because of the 
arsenic is chemically similar to phosphorus, the arsenate behaves similarly to 
phosphate. Thus, it is possible for the microorganisms, like the strain GFAJ-1, to use 
the arsenic to build their cell parts. The key issue that the researchers investigated was 
the role of arsenic in a microbe growing. It was found that the arsenic actually became 
incorporated into organisms’ vital biochemical machinery such as the DNA, proteins 
and the cell membranes. However there are still discussions and arguments on this 
discovery. Katsnelson (2010) suggested that the organism was simply absorbing and 
isolating the arsenate while making use of the trace phosphates in its environment 
rather than eating it. 
Arsenic resistant and accumulating bacteria are widespread in the aquatic 
environment, and they are potential candidates for bioremediation of arsenic 
contaminated water. Kostal et al. (2004) investigated an engineered bacterial cells 
expressing ArsR for increasing the bioaccumulation of arsenic without compromising 
the cell growth. The high affinity of ArsR allowed 100% removal of 50 µg/L of 
arsenite from contaminated water with these engineered cells, providing the 
possibility of using cells over expressing ArsR as an inexpensive, high-affinity ligand 
for arsenic removal from contaminated surface water and groundwater. Nine bacterial 
strains of marine and non-marine origins were employed by Takeuchi et al. (2007) to 
examine their arsenic resistance and removal efficiencies. The results showed that 
more than half of the arsenic removed was related to metabolic activity while the 
remaining arsenic was considered to be adsorbed onto the cell surface. 
Another promising application of the biotechnology in arsenic treatment is 
oxidizing As(III) to As(V). The main purpose of the As(III) oxidation, used by some 
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microorganisms, is detoxification by reaction taking place with the help of oxygen 
(Battaglia-Brunet et al., 2002; Weeger et al., 1999). 
Although biological treatment of arsenic contamination may produce less sludge 
than conventional coagulation/precipitation process comparing with existing 
techniques, there still are some limitations in terms of efficiency and economic benefit. 
In consideration of the possible influence on human health, the species chosen for 
drinking water treatment should not be pathogenic. Thus, only few of bacteria can be 
used for drinking water purpose. Moreover, the bacteria shall also have very low 
nutritional requirements and those use arsenic as an energy source would be 
preferable. However the biological activity would be inhibited by high concentrations 
of arsenic. 
2.2.4 Adsorption process 
Adsorption is the method using porous solid material in which one or more 
substances in water are adsorbed on the solid surface from liquid phase, bound by 
chemical or physical forces and then be removed from water. Numerous materials 
have been found to be capable of adsorbing arsenic from aqueous solutions, including 
activated carbons, polymer resins, metal oxides or biological materials. 
Several types of activated carbons were developed and used for the removal of 
arsenic from water. A number of carbonaceous sources have been proposed for the 
preparation of active carbons, such as coconut shells, wood char, lignin, petroleum 
coke, bone-char, peat, sawdust, carbon black, rice hulls, sugar, peach pits, fish, 
fertilizer waste, waste rubber tire and so on (Pollard et al., 1992). They could be 
broadly divided into two classes: commercial and synthetic activated carbons (Mohan 
and Pittman Jr, 2007). The virgin granular activated carbon (GAC) or a combination 
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process has been used for arsenic elimination for a long time and the mechanism has 
been explored (Campos, 2002; Chen et al., 2012b; Di Natale et al., 2008; Eguez and 
Cho, 1987; Hlavay et al., 2003; Zou et al., 2010). Eguez and Cho (1987) studied 
adsorption of both arsenite and arsenate onto activated charcoal versus pH and 
temperature. The maximum adsorption capacity could be achieved under acidic pH. 
The adsorption process was a physical adsorption process driven by weak Van der 
Waals forces. A combination of commercial GAC, ceramic candles and steel-wool 
can be used for low cost in-home treatment for rapid removal of arsenic from 
contaminated drinking waters. The method was based on use of steel-wool as a 
cleaning agent and had been applied to work on a larger scale. The adsorption 
capacity of the steel-wool is high due to electrochemical reactions of iron–arsenic 
(redox processes at steel-wool surface) (Campos, 2002).  
To improve the performance of GAC, a lot of studies were conducted for 
surfactant modification or impregnation of commercially available virgin GAC. The 
application and mechanism of activated carbon loaded by metal ions including iron, 
copper, calcium and nickel were investigated (Chang et al., 2012; Chen et al., 2012a; 
Dobrowolski and Otto, 2013; Gu et al., 2005; Kim et al., 2010; Mondal et al., 2007; 
Mondal et al., 2008; Mondal et al., 2010; Mondal et al., 2012; Peräniemi and Ahlgrén, 
1995; Rajakovic, 1992; Wantala et al., 2012; Zou et al., 2010). Gu et al. (2005) 
developed iron-containing GAC for arsenic removal from drinking water. GAC as a 
support for ferric ions were impregnated using aqueous ferrous chloride (FeCl2) 
followed by NaClO chemical oxidation. Peräniemi and Ahlgrén (1995) used 
zirconium-loaded activated carbon and successfully removed arsenic, selenium, and 
mercury. It was also found that the amount of impregnated iron showed little impact 
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on the affinity for arsenate but greatly affected the arsenic intraparticle diffusion rate 
(Chang et al., 2012). Metal nanoparticles, such as ferric oxide or hydroxide, titanium 
dioxide, and zirconium dioxide, were also studied for modified activated carbon, 
aiming to improve its ability of arsenic removal (Cooper et al., 2010; Hristovski et al., 
2009; Jain et al., 2013; Jang et al., 2008; Sandoval et al., 2011; Terry et al., 2010; Yao 
et al., 2012; Zou et al., 2010). The addition of metal oxide nanoparticles may increase 
arsenic adsorption capacity but the introduction of nanoparticles within the pores of 
the GAC could reduce the adsorption capacity for the organic co-contaminant by the 
hybrid media. However this technology is especially suitable for small and portable 
point-of-use systems such as those found in small communities where energy-
demanding conventional water treatment technologies are unavailable (Cooper et al., 
2010; Jain et al., 2013). Moreover the modification of GAC by polyaniline which was 
able to significantly remove the arsenic at a trace level could broaden the optimal pH 
range for the arsenate adsorption at the same concentration (Yang et al., 2007). 
Activated carbon fiber (ACF) was fabricated and tested for arsenic removal in both 
laboratory tested scale and field tests from thirty contaminated sites in Sonarang, 
Bangladesh (Lee, 2010).  
Due to the relatively high cost of commercially activated carbon, it may be 
uneconomic for developing countries. Thus, other low cost agricultural by-products, 
industrial by-products, soil and its constituents were studied for arsenic adsorption.  
The agricultural by products such as rice husks were used for arsenic removal from 
water (Amin et al., 2006; Fan et al., 2004; Khalid et al., 1998). Amin et al. (2006) 
suggested that untreated rice husk could be utilized for aqueous arsenic remediation 
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and achieve the arsenic concentration requirement level for drinking water 
recommended by Bangladesh.  
Many kinds of industrial by-products or wastes were investigated as substitutes for 
activated carbons with several advantages of inexpensive, quantity plentiful and local 
available. Lignite, peat chars, bone chars and biochar being used in wastewater 
treatment has attracted increasing attention (Gautam et al., 2014; Liu et al., 2014a; 
Mohan et al., 2007; Sneddon et al., 2005). The Fe(III)/Cr(III) hydroxide containing 
sludge resulted from cooling water systems in industries was imparted to be capable 
of eliminating arsenic with the maximum adsorption capacity of 21 mg/g-chrome 
sludge (Low and Lee, 1995). Fly ash obtained from coal power stations was examined 
for arsenic removal from water (Ali et al., 2014; Polowczyk et al., 2010). The 
adsorption capacity was found to be 19.46 mg/g (Li et al., 2009b). Red mud, a mining 
by-product formed during the 'Bayer' process for bauxite refining had been explored 
as a cost-effective alternative adsorbent for arsenic removal (Altundogan et al., 2000; 
White et al., 2003). To increase the arsenic adsorption capacity, several pretreatment 
of the red mud were investigated such as acid/heat treatment (Altundogan et al., 
2002), activation by calcinations (Genc-Fuhrman et al., 2004), loading of ferric ion 
(Kocabas and Yurum, 2011; Li et al., 2010) and addition of phosphogypsum (Lopes et 
al., 2013). Blast furnace slag, an industry waste generated in metallurgical operations 
usually with a composition of oxides of calcium, iron, silicon, and phosphorous, also 
can be effective for arsenic removal (Chakraborty et al., 2014; Chowdhury et al., 
2014; Hanski et al., 2007; Kanew et al., 2006; Zhang and Itoh, 2005). Chowdhury et 
al. (2014) suggested that recycled Ni smelter slag could be used for arsenic removal 
with low cost. The removal capacities were found to be 1.039 to 1.054 mg/g-slag. 
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Zhang and Itoh (2005) reported that the removal capabilities of an adsorbent 
synthesize from municipal solid waste incinerator melted slag for arsenate and 
arsenite were increase to 2.5 and 3 times respectively by loading iron (III) oxide on it. 
Moreover, such recycling also decreased slag disposal costs and eliminated the need 
to purchase commercial reactive material or obtain expensive natural material for 
remediation purposes.  
Natural solids (Elizalde-González et al., 2001), soils (Manning and Goldberg, 
1997; Minja and Ebina, 2002), metal ion coated sands (Bajpai and Chaudhuri, 1999; 
Gautam et al., 2014; Guo et al., 2007; Han et al., 2009; Joshi and Chaudhuri, 1996; 
Ko et al., 2007; Panthi and Wareham, 2011; Rozell, 2010) and clay minerals 
(Doušová et al., 2006; Gillman, 2006; Violante and Pigna, 2002), containing hydrous 
aluminum silicates, iron, magnesium or other cations, were investigated for the 
feasibility of these materials to act as concentrator for arsenic removal from 
groundwater and surface water. In the study of Doušová et al. (2006), three types of 
clay minerals, natural metakaoline, natural clinoptilolite-rich tuff, and synthetic 
zeolite, in both untreated and Fe-treated forms were tested for the adsorption of 
arsenic from water. The result showed that the adsorption capacity of Fe (II)-treated 
sorbents increased significantly in comparison to the untreated material (from about 
0.5 to > 20.0 mg/g, which represented more than 95 % of the total arsenic removal). 
Such materials could be widely used in less-developed regions for arsenic removal 
due to their low price. 
Biosorption formed by microorganisms is capable of removing arsenic from dilute 
aqueous solutions. Algae, fungi and bacteria are examples of biomass-derived 
adsorbents. One of the obvious examples is biogenic schwertmannite produced by 
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Acidithiobacillus ferrooxidans (Liao et al., 2011). The biogenic compound was found 
to play an important role in the adsorption of As(III) from water with a high 
adsorption capacity in the pH range of 7-10. The investigations focused on the 
mechanisms of As(III) incorporation into the schwertmannite structure, which 
indicates involvement of ligands exchanges between As(III) species and surface 
hydroxyl group and sulfate ion. 
Metal and metallic materials such as metal oxide, metal hydroxide and metal 
carbonate also showed remarkable adsorption capacity in the arsenic removal.  
Zero-valent iron had been studied for arsenic removal in decades (Lien and Wilkin, 
2005; Nikolaidis et al., 2003) and the adsorption mechanism had been explored (Bang 
et al., 2005a; Farrell et al., 2001; Tyrovola et al., 2006). The removal of the arsenic 
species by zero-valent iron was attributed to electrochemical reduction of As(III) to 
sparsely soluble As(0) and adsorption of As(III) and As(V) to iron hydroxides formed 
on the surface of zero-valent iron under anoxic conditions. The process of reduction 
of arsenate compounds to As(0) by corroding iron forms a metallic arsenic cement 
that partially protects the iron from further corrosion. At neutral pH, reduction of 
arsenate to metallic arsenic by zero-valent iron can be described by the half-cell 
reactions as below (Farrell et al., 2001). 





     VE 440.00                        2-5 
When the solutions were in open air, the removal rates of As(V) and As(III) were 
much higher than under the anoxic conditions and As(V) removal was faster than 
As(III). The rapid removal of As(III) and As(V) was caused by adsorption on ferric 
Chapter 2: Literature Review 
30 
 
hydroxides formed readily through oxidation of zero-valent iron by dissolved oxygen. 
The chemical reactions in As-Fe-H2O system are summarized in Table 2.3 (Bang et 
al., 2005a). 
Table 2.3 Half-cell chemical reactions in As-Fe-H2O system (Bang et al., 2005a). 
Half-cell reaction Equilibrium statement 
Arsenic reduction 
H3AsO4+2H
++2e−⇌H3AsO3+H2O pE = 9.449 - pH 
H2AsO4
−+3H++2e−⇌H3AsO3+H2O pE = 10.565 - 1.5pH 
HAsO4
2−+4H++2e−⇌H3AsO3+H2O pE = 14.033 - 2pH 
HAsO4
2−+3H++2e−⇌H2AsO3−+H2O pE = 9.392 - 1.5pH 
H3AsO3+3H
++3e−⇌As(0)+3H2O pE = 1.0 - pH 
H2AsO3
−+4H++3e−⇌As(0)+3H2O pE = 4.133 - 1.333pH 
As(0)+3H++3e−⇌AsH3+3H2O pE = -10.28 - pH 
Arsenic ionization 
 
H3AsO4⇌H2AsO4−+H+ pH = 2.232 
H2AsO4
−⇌HAsO42−+H+ pH = 6.935 
HAsO4
2−⇌AsO43−+H+ pH = 11.458 
H3AsO3⇌H2AsO3−+H+ pH = 9.282 
H2AsO3
−⇌HAsO32−+H+ pH = 12.015 
Iron reduction 
 
Fe3++e− ⇌Fe2+ pE = 13.0 
Fe2++2e−⇌Fe(s) pE = -6.9 + 0.5 log [Fe2+] 
Fe(OH)2(s)+2H
++2e−⇌Fe(s)+2H2O pE = -1.1 - pH 
Fe(OH)3(s)+H
++e−⇌Fe(OH)2(s)+H2O pE = 4.62 - pH 
FeOH2++H++e−⇌Fe2++H2O pE = 15.5 - pH 
Fe(OH)3(s)+3H
++e−⇌Fe2++3H2O pE = 17.9 - 3pH- log [Fe2+] 





Fe3++H2O⇌FeOH2++H+ pH = 2.4 
FeOH2++2H2O⇌Fe(OH)3(s)+2H+ pH = 1.2 - 0.5 log [FeOH2+] 
Fe(OH)2(s)⇌Fe2++2OH− pH = 6.5 - 0.5 log [Fe2+] 
 
Metal oxides are intensively investigated as adsorptive materials for a long time. 
Plenty of studies were conducted in arsenic removal from water by using oxides such 
as zirconium oxide (Cui et al., 2012; Hristovski et al., 2008; Suzuki et al., 2000), iron 
oxide (Cumbal and SenGupta, 2005; Manna et al., 2003; Zeng et al., 2008), 
manganese dioxide (Driehaus et al., 1995; Raje and Swain, 2002), activated alumina 
(Lin and Wu, 2001; Singh and Pant, 2004), titanium dioxide (Bang et al., 2005b; 
Dutta et al., 2004; Nabi et al., 2009), lanthanum hydroxide (Davis and Misra, 1997; 
Tokunaga et al., 1997) and metal binary oxide (Gupta et al., 2009; Ren et al., 2011; 
Zhang et al., 2007b). A mesoporous hydrous zirconium oxide was prepared by Bortun 
et al. (2010) and used for selective arsenic removal from drinking water with the 
adsorption capacity of 150-160 mg/g. Zhang et al. (2007b) prepared a Fe-Mn binary 
oxide for both arsenate and arsenite removal with maximum adsorption capacities of 
69.75 mg/g for As(V) and 132.75 mg/g for As(III) at pH 7.0, respectively. In the 
study of Ren et al. (2011), an Fe-Zr binary oxide was prepared with maximum 
adsorption capacities of 46.1 mg/g for As(V) and 120.0 mg/g for As(III) at pH 7.0, 
respectively. 
The adsorption behavior and mechanism of arsenic onto aluminum and ferric 
hydroxides had been widely studied (Driehaus et al., 1998; Gulledge and Oconnor, 
1973; Liu et al., 2014b; Meng et al., 2002; Pierce and Moore, 1982; Tresintsi et al., 
2014). The study of Guan et al. (2008) investigated arsenic adsorption/desorption by 
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preformed co-precipitated Al-Fe hydroxides. The maximum adsorption capacity of 
the granular Al-Fe hydroxide for arsenic could reach 170 mg/g under acidic condition.   
It was found that the increase in Al/Fe molar ratio was not favorable to increase the 
maximum adsorption but could increase desorption of arsenic from the hydroxides. 
Basic yttrium carbonate has been chosen to remove arsenite and arsenate from 
aquatic systems (Wasay et al., 1996). The removal by adsorption of arsenite and 
arsenate ions was found to be highly pH-dependence. The maximum adsorption 
capacity of arsenite and arsenate calculated from Langmuir modeling was 306 and 
353 mg/g respectively. The yttrium was regenerated as basic yttrium carbonate. The 
reactions of the removal process were presumed to be as follows: 
Y(OH)CO3+3H2AsO4
−→Y (H2AsO4)3+ CO32−+OH−                pH 3.5-6.5                2-6 
Y(OH)CO3+HAsO4
2−→Y(OH)HAsO4+CO32−                  pH 7.5-9.0          2-7 
Y(OH)CO3+2H2AsO3
−→Y(OH)(H2AsO3)2+ CO32−                pH 9.8-10.5           2-8 
The surface area exposed played an important role in the removal efficiency of the 
metallic adsorbents (Kanel et al., 2006; Kanel et al., 2005). Therefore, several nano-
sized metallic materials with higher adsorption capacity of arsenic were developed 
(Cui et al., 2012; Hristovski et al., 2008; Ma et al., 2011; Nabi et al., 2009; Pena et al., 
2006; Zhang et al., 2013a). Cui et al. (2012) synthesized an amorphous zirconium 
oxide (am-ZrO2) nanoparticle with surface hydroxyl groups for arsenic elimination 
from water. Due to its high specific surface area, large mesopore volume, and the 
presence of high affinity surface hydroxyl groups, am-ZrO2 nanoparticle 
demonstrated exceptional adsorption performance on both As(III) and As(V) without 
pre-treatment at near neutral condition with the adsorption capacity of 83 mg/g for 
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As(III) and over 32.4 mg/g for As(V), respectively. Zhang et al. (2013a) synthesized a 
highly efficient and low cost nano-structured Fe-Cu binary oxide with the maximum 
adsorption capacities of 82.7 and 122.3 mg/g at pH 7.0 for As(V) and As(III), 
respectively.  
The adsorption performance deeply depends on the solution pH, contaminant 
concentration range, adsorbent dosage, coexisting ions and temperature. Thus it is 
difficult to compare adsorption capacity of the various adsorbents due to the 
inconsistency in the experiment conditions. Moreover, some adsorption experiments 
were conducted in batch experiments while others were in column modes. This makes 
the comparisons much harder to achieve. That is to say, direct comparison of the 
reported adsorbents is inaccessible. Be that as it may, the adsorption capacities of 
adsorbents developed from agricultural wastes, industrial wastes or natural soils are 
relatively low, normally not more than 10 mg/g. However, there are a lot of 
advantages of low cost, plentiful quantity and local availability to make them more 
applicable for the developing area. The adsorption capacities could be improved by 
heat treatment or coating with metal ions. On the other hand the metallic materials 
adsorbents, especially some rare earth metal compounds and nanoparticles, show 
much higher adsorption capacity. Many of them could achieve over 100 mg/g. 
In conclusion, adsorption is a useful technique to reduce the aqueous arsenic 
pollution offering significant advantages of the low-cost, availability, profitability, 
ease of operation and high efficiency. The application of traditional adsorbents such 
as commercial activated carbon is limited in the developing countries due to the 
regeneration problem, whereas the locally available, low-cost adsorbents such as 
agriculture by products have to suffer from the limited adsorption capacity. The 
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metallic compounds with high adsorption capacities such as metal oxide nanoparticles 
are difficult to be separated after treatment. Therefore, research for new and more 
effective materials is a continuous effort for many researchers. 
2.2.5 Membrane techniques 
A membrane as a selective barrier and a thin film allows certain components of a 
mixture to pass through, but hinder the permeation of other components, thus 
achieving a separation. The degree of selectivity of a membrane depends on the 
membrane pore size. According to the pore size, the membrane can be divided into 
four overlapping categories of increasing selectivity: as microfiltration (MF), 
ultrafiltration (UF), nanofiltration (NF) and reverse osmosis (RO) membranes. The 
reverse osmosis and electrodialysis are the usually used membrane processes in heavy 
metal wastewater treatment (Kandasamy et al., 2012). The membrane can also be 
classified by pressure as the following two categories: high-pressure membranes such 
as RO and NF, and low-pressure membranes such as UF and MF. High-pressure 
membranes, normally with a relatively small pore size compared to low-pressure 
membranes, require higher driven force to push substances through the membrane. 
Low-pressure membrane processes have become well-recognized approaches to 
drinking water treatment. MF can be used to remove bacteria and suspended solids 
with pore sizes of 0.1 to 10 micron while UF can remove colloids, viruses and certain 
proteins with pore size of 0.0003 to 0.1 microns. They normally required a low 
pressure of 5-100 psi. High-pressure membranes normally require higher driven force 
of 50 - 1000 psi to drive fluid across. RO has a pore size of about 0.0005 microns and 
can be used for desalination. Mechanical sieving is the main separation mechanism of 
MF membranes and UF membranes, while capillary flow or solution diffusion is 
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responsible for separation in NF membranes and RO membranes (Van Der Bruggen et 
al., 2003). 
Brandhuber and Amy (1998) carried out an intensive study on arsenic removal 
from drinking water using a series of membranes including one UF, three NF and four 
RO membranes, via both bench and pilot testing. It was found that RO membranes or 
tight NF membranes appeared to be able to sustain high removal rate of arsenic. 
Coagulation, as a pretreatment, can be coupled with loose membranes that had 
relatively large pore size to obtain substantial arsenic removal. However, greater 
coagulant doses will be required for As(III) compared with that for As(V). Shih (2005) 
illustrated an overview of arsenic removal by pressure driven membrane processes. 
The parameters that may influence the arsenic removal efficiency by membrane 
technologies such as source water parameters, membrane materials, membrane types 
and membrane processes were explored. 
The membrane technology is very little used when the objective is to remove only 
the arsenic. In practice, the in-line coagulation used before a low-pressure membrane 
treatment (MF or UF) provides very good performances. The coagulant plays the role 
of adsorbent and the membrane plays the role of physic separator (Chwirka et al., 
2004; Gaid, 2005). Han et al. (2002) investigated arsenic removal by 
flocculation/microfiltration system. The results showed that flocculation prior to MF 
leaded to significant arsenic removal in permeates and the additions of small amounts 
of cationic polymeric flocculants leaded to significantly improvement of permeate 
fluxes of MF. Wickramasinghe et al. (2004) conducted bench scale experiments for 
arsenic removal from groundwaters of the United States and Bangladesh. The results 
indicated that coagulation with ferric ions followed by MF was effective in reducing 
Chapter 2: Literature Review 
36 
 
arsenic concentration in the tested water, and the actual efficiency of removal was 
highly dependent on the raw water quality. Furthermore, the addition of a 
polyelectrolyte coagulant aid may lead to improved permeate fluxes of MF but had 
little effect on the residual arsenic concentration. Mólgora et al. (2013) assess the 
effectiveness of a process combining electro-coagulation and MF (EC-MF) compared 
with a chemical coagulation coupled with MF (CC-MF) for removal of arsenic from 
drinking water. By comparison, CC-MF system showed a better efficiency with lower 
cost and longer operation time. However, several issues still remain to be resolved in 
the application of chemical treatment prior to the membrane process including the 
impact of chemical pretreatment on the performance of membrane systems (i.e., 
membrane reversible fouling, chemical cleaning frequency), the compatibility of these 
chemicals with membrane materials, the optimum conditions for chemical 
pretreatment, and overall cost and benefits of chemical pre-treatment to MF and UF 
membrane systems (Farahbakhsh et al., 2004). 
UF membrane, another low-pressure membrane removing constituents through 
physical sieving, also may not be viable for arsenic removal from water due to the 
large pore size. However, some charged UF membranes can exclude arsenic to some 
extent according to the membrane property. Brandhuber and Amy (2001) investigated 
the arsenic removal by a negatively charged UF membrane and found that arsenic can 
be partially removed via Donnan exclusion, whereas it was sensitive to the 
membrane’s hydraulic operating conditions and feed water composition. Electro-
ultrafiltration (EUF) technology as a potential technique for the arsenic removal was 
also studied in recent years. It was found As(V) rejection increased dramatically after 
applying electric field to UF (Hsieh et al., 2008; Weng et al., 2005). Lohokare et al. 
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(2008) studied the application of a negatively charged polyacrylonitrile (PAN) based 
UF membrane for effective arsenic removal. The results demonstrated that the 
hydrolysis of PAN-based UF membrane surface by NaOH leading to the formation of 
carboxylic (-COO−) groups and thus resulted in the enhancement of arsenic rejection 
capability by Donnan exclusion principle. 
NF is considered as one of the techniques that can be used to meet regulations of 
lower arsenic concentrations in drinking water (Kartinen Jr and Martin, 1995). The 
property of NF membrane is a dominant factor in the arsenic removal.  
The removal mechanism of NF was investigated. Saitua et al. (2011) evaluated the 
efficiency and the arsenic removal mechanism with a NF pilot plant from naturally 
contaminated groundwater. The result showed that the arsenate rejection was 
prevalently ruled by Donnan exclusion combined with the preferential passage of 
more permeable ions. Urase et al. (1998) studied the pH effect on the rejection change 
of NF membrane and explained the reason with the extended Nernst-Planck equation. 
The result showed that electrically charged membranes generally had a higher 
rejection for charged solutes than for non-charged solutes. Vrijenhoek and Waypa 
(2000) found that it was consistent with the extended Nernst-Planck equation model 
predictions for an uncharged membrane by which size exclusion controls ion retention. 
However, separation of arsenic species was due to combined effects of size exclusion, 
preferential passage of more mobile ions, and charge exclusion. Seidel et al. (2001) 
used a negatively charged porous NF membranes to study the mechanisms of arsenic 
removal and showed that Donnan exclusion was the dominant mechanism of salt 
rejection and the separation of the charged As(V) species was much higher than the 
uncharged As(III) species.  
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The arsenic rejection by NF membrane is also highly affected by the physical and 
chemical states of arsenic species. An overview on the NF was discussed by Van der 
Bruggen and Vandecasteele (2003). For application of arsenic removal, pre-oxidation 
of As(III) to As(V) followed by NF may achieve high removal rates. The membranes 
with relatively large pore size may be effective for the removal of particulate arsenic. 
Xia et al. (2007) observed that the valent state of arsenic, presence of additional salts 
and solution pH were all proved to have impact on the removal efficiency in a pilot 
test of NF for arsenic removal. Waypa et al. (1997) studied the arsenic removal from 
synthetic freshwater and from surface water sources by NF and RO. The results 
showed that both As(V) and As(III) were effectively removed from the water by RO 
and NF membranes over a range of operational conditions. Removal of As(V) and 
As(III) was comparable, with no preferential rejection of As(V) over As(III) 
suggested that size exclusion governed their separation behavior and not the charge 
interaction.  
The operation conditions of NF membrane in the arsenic removal have also been 
widely studied by researchers. Saitúa et al. (2005) studied the effects of operating 
conditions in removal of arsenic from water by NF. Their findings showed that 
arsenic rejection was independent on trans-membrane pressure (TMP), cross flow 
velocity, temperature and the co-occurrence of dissolved inorganic. Sato et al. (2002) 
investigated the removal of both As(V) and As(III) by NF membranes. It was found 
the removal efficiency of As(V) and As(III) can reach 95 % and above 75 %, 
respectively and not affected by source water chemical compositions. Figoli et al. 
(2010) studied two commercial NF membranes for removal arsenic and observed that 
the removal efficiency was influenced by the operating conditions such as 
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temperature, TMP, pH and feed water concentration. Yu et al. (2013) used four 
different NF membranes for arsenic removal to examine the influences of ion 
concentration, TMP, and the presence of natural organic matter (humic acid, HA) on 
the arsenic removal efficiency and permeate flux.  
Reverse osmosis (RO) membranes have been identified as another alternative to 
remove arsenic from water. Kang et al. (2000) studied the effect of pH on the removal 
of arsenic using reverse osmosis. The removal of arsenic compound was almost 
proportional to the removal efficiency of NaCl and the removal of As(V) was much 
higher than As(III) over the pH range of 3-10. Ning (2002) reviewed the removal 
mechanism of RO and concluded that arsenic in the high oxidation states (e.g. As(V)) 
was very effectively removed by RO. The removal of the weakly acidic As(III) 
species can be enhanced at sufficiently high pH. The use of the newer antiscalants and 
adjustment of solution pH made it possible to remove all major species of arsenic 
from water using RO. Teychene et al. (2013) also found the rejection of As(III) and 
boron was increased with TMP and pH in the treatment of synthetic brackish water 
containing As(III) and boron using several RO membranes. Chan and Dudeney (2008) 
observed As(V) could be effectively removed by RO followed by ion exchange 
process, while As(III) was poorly retained by the RO membrane because arsenite 
existed as neutral molecule. A small-scale, commercially available marine RO 
desalinator with three different membrane modules was tested for arsenic removal 
(Geucke et al., 2009). The similar result as Chan and Dudeney (2008) was observed 
that the As(V) rejection was generally much higher than that of As(III). As(V) 
concentration in the permeate water satisfied the MCL of 10 μg/L recommended by 
the WHO even at a feed concentration of 2400 µg/L. In the case of As(III), only feed 
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concentrations below 350 μg/L resulted in permeate concentration lower than the 
MCL. 
Electrodialysis (ED) is used to transport salt ions from one solution to another 
through ion-exchange membranes under the driving force of an applied electric 
potential difference. Pedersen et al. (2005); Ribeiro et al. (2000) and Basha et al. 
(2008) investigated the removal of arsenic by ED process. The arsenic can be 
removed using ED in laboratory scale whereas the method had not been studied in 
large scale due to its high cost especially when extremely low concentration required 
in the effluent caused low conductivity in the solution. Therefore, larger membrane 
areas are required to satisfy capacity requirements. 
Recently, forward osmosis (FO) technology as a potential technique is explored for 
arsenic removal. The influence of membrane orientation, organic fouling, relevant 
physico-chemical factors and the coexisting solutes on the performance of FO 
membrane have been systematically investigated (Jin et al., 2012; Mondal et al., 
2014a; Mondal et al., 2014b). It was demonstrated that the rejection of arsenic was 
higher when the membrane active layer faced the feed solution (AL-FS) compared to 
the rejection when the membrane active layer faced the draw solution (AL-DS), as a 
result of the more severe concentrative internal concentration polarization in the AL-
FS orientation. In the AL-FS orientation, the formation of an alginate fouling layer on 
the membrane surface could enhance the sieving effect and thus improved the 
rejection of arsenious acid with relatively larger molecular size. In the AL-DS 
orientation, alginate fouling in the membrane support layer had adverse effect on 
rejection, attributed to the foulant enhanced concentrative internal concentration 
polarization effect. The increase of rejection of As(V) in the presence of co-existing 
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solutes follows the sequence humic acid > bicarbonate > nitrate > fluoride > sulfate > 
phosphate. Donnan exclusion, size exclusion, and diffusion of the solutes could be 
used to explain the rejection behavior. However, the low rejection of As(III) was 
observed at acidic pH and the rejection could be increased by oxidation of As(III) at 
neutral pH. Thus, oxidation should be applied as an essential pretreatment of FO 
process for total arsenic removal in the neutral pH range.  
The application of membrane processes is mainly limited by the high cost due to 
high pressure loss of membrane and fouling problem. Thus, pretreatment process 
must be implemented to reduce the membrane fouling and meet the requirements of 
the effluent water quality. Furthermore, the discharge of the concentrate and water 
loss associated with concentrate stream membrane fouling and flux decline can be a 
problem (Choong et al., 2007). Due to the high concentration of arsenic in draw 
solution generated from RO, NF or membrane distillation, the effective recovery of 
the draw solution is one of the critical challenges for its application in field conditions. 
2.2.6 Adsorptive membrane 
Among the conventional treatment technologies, adsorption process is considered 
as one of the most popular methods. In particular, the nano-sized metal oxides with 
high surface area can be used as effective adsorbents with high adsorption capacities 
(Mayo et al., 2007; Tuutijärvi et al., 2009; Yean et al., 2005). However, the separation 
of spent adsorbent may be the major limiting factor in the direct application of the 
nano-sized adsorbents, which may give rise to secondary contamination problem. To 
overcome this shortage, a composite membrane system attracts more attention. In 
such system, the low pressure UF/MF membrane process as a positive barrier to 
particulates contaminant are combined with highly effective adsorbent which assists 
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in the removal of targeted metal ions. Many studies have proved that the direct 
embedding of nanoparticle into the membrane matrix is a practical membrane 
modification method to reduce membrane fouling (Li et al., 2009a; Rana and 
Matsuura, 2010) and to enhance permeability of membranes (Chen et al., 2010). The 
effect of particle size (Cao et al., 2006) and dosage (Ma et al., 2012a) have also been 
investigated.  
Although the effect of the loaded nanoparticles on the membrane properties have 
been intensively studied in recent years, few works focus on the adsorptive 
membrane. A study of Hota et al. (2008) reported that a boehmite nanoparticle 
impregnated electrospun fiber membrane could be used for the removal of cadmium 
and a capacity of 0.2 mg/g was achieved. Zheng et al. (2011) fabricated a PVDF/ 
zirconia blend flat sheet membrane for adsorptive removal of arsenic. However, the 
capacity was not satisfied enough even at the maximum loading of the adsorbent. 
Thus, the development of more effective adsorbents and the related blend adsorptive 
membrane has become the key factor for the wide application in treating arsenic 
contaminated water. Meanwhile it is most important to investigate the change of the 
membrane prosperities after loading the adsorbent and to optimize the designed 
adsorptive membrane.  
2.3 Mathematical models 
Adsorption mathematical modeling includes equilibrium modeling and continuous 
system modeling. For the equilibrium modeling, Langmuir and Freundlich equations 
are widely used in literatures due to their simple formulations and good fitting results 
with experimental data (Aksu and Tezer, 2000; Beolchini et al., 2003; Cruz et al., 
2004; Kratochvil and Volesky, 2000; Olsen and Watanabe, 1957; Özer et al., 1999; 
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Sağ et al., 1998). But due to the limitations from their original assumptions, they 
usually do not fit well in more complex situations such as the effects of pH, 
concentration and ionic strength (Schiewer and Wong, 2000; Yang and Volesky, 
1999). 
2.3.1 Equilibrium modeling 
2.3.1.1 Langmuir modeling 
Langmuir (1918) presented his model for the adsorption of species onto simple 
surfaces and was awarded the Nobel Prize in 1932 for his work concerning surface 
chemistry. In his theory, a given surface is assumed to have a certain number of 
equivalent sites that a species can “stick”, either by physisorption or chemisorption. 
Inherent within this model, the following assumptions are valid specifically for the 
simplest case, that the adsorption of a single adsorbate onto a series of equivalent sites 
on the surface of the solid (Masel, 1996). 1) The surface containing the adsorbing 
sites is perfectly flat plane with no corrugations (assume the surface is homogeneous). 
2) The adsorbing gas adsorbs into an immobile state. 3) All sites are equivalent. 4) 
Each site can hold at most one molecule of the adsorbate (mono-layer coverage only). 
5) There are no interactions between adsorbate molecules on adjacent sites. The 
homogenous and one layer assumption limited its use in more broad area. Practically, 
the adsorbent surface is not uniform. Various adsorption sites may coexist on the 
adsorbent surface. It is more appropriate to treat the surface as a collection of different 
ligands. Furthermore, adsorption sites are dependent on the redistribution of surface 
charge and direct interaction of adsorbed ions.  
Langmuir equation: 
Single component 
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where maxq (mg/g) and b  (L/mg) are Langmuir constants, which reflect the maximum 
adsorption capacity and affinity between adsorbate and adsorbent. i  means different 
components in mixed solution.  
2.3.1.2 Freundlich modeling 
Freundlich gave an expression representing the isothermal variation of adsorption 
of a quantity of gas adsorbed by unit mass of solid adsorbent with pressure. This 
equation is known as Freundlich adsorption isotherm. Freundlich model overcomes 
such limitation by assuming that adsorption on each site can be heterogeneous and the 
overall adsorption density is the summation of the adsorbate densities on all surface 
sites. However, such models are just ‘mathematical functions’, which hardly reflect 
the adsorption mechanism. More structured types of models, generally ion exchange 
and surface complexation, respecting adsorbate speciation in solution, pH and even 
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where “K” (mg(1-1/n)L1/n/g) gives a measure of the adsorption capacity and “n” gives 
the intensity of adsorption. i  means different components in mixed solution.  
2.3.2 Adsorption kinetics models 
2.3.2.1 Pseudo-first order and pseudo-second order model 
Several kinetics models have been employed to describe the adsorption kinetics 
(Ho and McKay, 1999; Sud et al., 2008). Among them, pseudo-first order model and 
pseudo-second order models are the mostly used in the study of the adsorption 
kinetics.  
Lagergren's first order rate equation has been called pseudo-first order model since 
1998. The correct reference style citing the original Lagergren's paper was first 
presented by Ho and McKay (1998). The second-order kinetics expression for the 
adsorption systems of divalent metal ions using sphagnum moss peat was reported by 
Ho (1995) and has been called pseudo-second order model.  
The mathematical equations of the pseudo-first order and pseudo-second order rate 
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-1) and K2 ((g/mg)/h) is the first order and second order rate constant, 
respectively, qe (mg/g) and qt (mg/g) the amounts of the adsorbate adsorbed at 
equilibrium and at any time, respectively. The value of K1, K2 and qe can be obtained 
from the nonlinear curve fitting of experimental data qe versus t. 
The kinetics model fitting curves and comparison of experimental and calculated 
qe values can be used to determine the most suitable kinetics model. In addition, the 
obtained correlation coefficient (r2) values can be used as the indicator to select the 
suitable model. The higher r2 value would indicate the kinetics model work better to 
describe the adsorption kinetics.  
2.3.2.2 Intraparticle diffusion model 
The prediction of the rate-limiting step is important for designing an appropriate 
adsorption process. For a solid-liquid adsorption process, the adsorbate transfer is 
usually characterized by either external mass transfer (boundary layer diffusion) or 
intraparticle diffusion or both. The adsorption process can be divided into three 
consecutive steps as follows: 1) Adsorbates are transported from bulk solution 
through liquid film to the adsorbent exterior surface (boundary layer diffusion), and 
instantaneous adsorption on the exterior surface. 2) Diffusion of adsorbates into the 
pores of the adsorbent (intraparticle diffusion). 3) Uptake of adsorbates on the interior 
surface of the pores and capillary spaces of the adsorbent. The slowest step is 
identified as the rate controlling parameter in the adsorption process. The intraparticle 
diffusion model proposed by Weber and Morris (1963) is the most commonly used 
model to identify the mechanism involved in the adsorption process. The equation can 
be expressed as follows: 
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where kid ((mg/g)/h
1/2) is the intraparticle diffusion rate constant, α (mg/g) is a 
constant in the intraparticle diffusion model which reflects the significance of 
boundary layer or external mass transfer effect. The larger α means the greater the 
contribution of the surface adsorption in the rate controlling step. 




MATERIALS AND METHODOLOGIES 
3.1 Materials  
All chemicals are analytical grade and used without further purification. 
Zirconium(IV) oxychloride (ZrOCl2·8H2O) was purchased from Sinopharm Chemical 
Reagent Co, Ltd (China). Yttrium(III) nitrate hexahydrate was purchased from Solid 
Zeal Holding Co, Ltd (China). Sodium sulphate and sulphuric acid were purchased 
from Merck. Polysulfone (PSF) with the molecular weight of 26,000 Da was 
purchased from Tianjin Chemical Co., Ltd (China). Disodium monomethylarsonate 
hexahydrate (CH3AsNa2O3·6H2O) as one of methylarsonate acid (MMA), was 
supplied by Chem Service, Inc, (America). Sodium hydrogenarsenate heptahydrate 
(Na2HAsO4·7H2O) and arsenic trioxide (As2O3) were purchased from Fluka 
(Switzerland). Cacodylic acid (C2H7AsO2) as one of dimethylarsonate acid (DMA), 
iron(III) nitrate nonahydrate, sodium hydroxide, sodium nitrate, sodium fluoride, 
nitric acid, trisodium phosphate, sodium silicate, humic acid, N,N-dimethylacetamide 
(DMAc), polyvinylpyrrolidone (PVP, 10,000 Da) and other chemicals used in this 
study were purchased from Sigma-Aldrich (Singapore). Deionized water (DI) was 
used in all experimental procedure except those specified. 
3.2 Synthesis of functionalized materials 
3.2.1 Synthesis of Y-Fe binary nanoparticles  
The yttrium-ferric binary nanoparticles with different molar ratio of Y/Fe were 
synthesized following the below procedure. First, a certain amount of yttrium nitrate 
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and ferric nitrate were dissolved in water. After that, sodium carbonate was added 
under stirring with a ratio of ([Y]+[Fe])/[CO3
2-] of 2 : 1 and adjust pH to 8. After the 
precipitate being formed, the suspension was then placed on an ultrasonicator for 40 
min and aged for another 2 h under continuous stirring. Afterward, the particles were 
separated by centrifugation and washed with DI water for several times to remove the 
dissolved ions. Finally, the particles were dried in oven for the subsequent 
experiments. The optimal molar ratio of Y/Fe was determined as 8:1 in the 
preliminary adsorption experiment (shown in Section 4.1). The yttrium-ferric binary 
nanoparticles with the molar ratio of Y/Fe = 8:1 was further chosen for the fabrication 
of membrane. 
3.2.2 Synthesis of the ZNP 
The zirconium based nanoparticles (ZNP) were synthesized following the below 
procedure. First, a measured amount of zirconium oxychloride was dissolved in water. 
After that, sulfuric acid was added under stirring with a ratio of [Zr]/[SO4
2-] of 1.0 : 
0.7, and zirconium based nanoparticles were formed. The stirring continued for 2 
hours, and then the particles were separated from the suspension by centrifugation and 
washed with DI water for several times to remove the dissolved ions. Finally, the 
particles were dried by a freeze dryer for the subsequent experiments. 
The particle size of ZNP was mainly ranging of 60 - 90 nm, and the chemical 
composition of the ZNP was determined to be consisted of hydrous zirconia and 
sulfate (Ma et al., 2011). 
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3.2.3 Preparation of the YFNP-BFSMs 
PSF as a typical glassy polymer with good thermal and mechanical properties was 
chosen in this study. The PSF/YFNP blend flat sheet membranes (YFNP-BFSMs) 
were fabricated by phase inversion method with an addition of the YFNP. The PSF 
concentration in the casting solution was designed as 16 %, which was lower than a 
typical value of 18 % in the pure flat sheet membrane (Ahmad et al., 2005; Zhao et 
al., 2014; Zheng et al., 2006), but higher than the hollow fiber membrane that 
fabricated with similar materials (He et al., 2014). 
Although high loading of the nanoparticles can enhance the adsorption 
performance of the membrane, excess nanoparticles dosage would make the casting 
solution as slurry due to the rigidity of the chains and the tendency of the particles to 
agglomerate. The preliminary study showed that to obtain a uniform and flexible 
membrane, the maximum ratio of the YFNP to PSF should be no more than 2:1. 
Five different casting solutions were prepared by adding different amount of the 
YFNP into casting solution. To make the YFNP homogeneously dispersed in the 
mixture solution, the YFNP were first added into the solvent and placed on an 
ultrasonicator for 2h to form a sol gel, after that the sol gel was mixed with the casting 
solution, which containing PSF and PVP, and shaken for overnight. The viscosities of 
the casting solutions were determined by a digital rotational viscometer at 25 °C 
(Visco Basic Plus R, Fungi lab S.A., Spain). The compositions and viscosities of the 
casting solution are shown in Table 3.1.  
Five different PSF/YFNP blend flat sheet membranes (YFNP-BFSM0, YFNP-
BFSM0.5, YFNP-BFSM1.0, YFNP-BFSM1.5 and YFNP-BFSM2.0) were fabricated 
by casting the solutions on glass plate using a film applicator with a slit thickness of 
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200 µm. The liquid film was kept in air for 20 s then the glass plate with polymer 
solution was immersed into a coagulation solution. The formed membranes were 
soaked in DI water for several days to thoroughly remove the solvent and PVP. 
Finally, the membranes were dried in air at room temperature for the subsequent 
experiments.  
Table 3.1 Compositions of casting solutions, the loading of the YFNP and the 
viscosities of casting solutions. 
Membrane Casting solution compositions (wt%) YFNP:PSF Viscosity 
 
PSF PVP DMAc (w/w) (mPa·s) 
YFNP-BFSM 0 16 4 80 0:1 370.9 
YFNP-BFSM 0.5 16 4 80 0.5:1 544.4 
YFNP-BFSM1.0 16 4 80 1.0:1 660.7 
YFNP-BFSM1.5 16 4 80 1.5:1 751.6 
YFNP-BFSM2.0 16 4 80 2.0:1 910.2 
 
3.2.4 Preparation of the ZNP-BFSMs 
The preparation of PSF/ZNP blend flat sheet membranes (ZNP-BFSMs) was 
similar as that of the YFNP-BFSMs. The preliminary study showed that the maximum 
ratio of the ZNP to PSF should be no more than 3:1.  
Four different PSF/ZNP blend flat sheet membranes (ZNP-BFSM0, ZNP-BFSM1, 
ZNP-BFSM2 and ZNP-BFSM3) were fabricated and the compositions and viscosities 
of the casting solutions are shown in Table 3.2. Comparing with the ZNP embedded 
PSF blend hollow fiber membrane (ZNP embedded HFM), the maximum loading of 
the ZNP on the ZNP-BFSM was two times to that on the ZNP embedded HFM, 
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consequently, the casting solutions viscosity of this flat sheet membrane is higher than 
that of the ZNP embedded HFM (He et al., 2014). 
Table 3.2 Compositions of casting solutions, the loading of the ZNP and the 
viscosities of casting solutions. 
Membrane Casting solution compositions (wt%) ZNP:PSF Viscosity 
 
PSF PVP DMAc (w/w) (mPa·s) 
ZNP-BFSM0 16 4 80 0:1 374.4 
ZNP-BFSM1 16 4 80 1:1 461.5 
ZNP-BFSM2 16 4 80 2:1 541.9 
ZNP-BFSM3 16 4 80 3:1 745.2 
 
3.3 Batch adsorption experiments  
The pH value was measured with a Cole-Palmar 5652-10 pH meter; the weight of 
chemicals was measured with a B204-S balance (Mettler-Toledo (s) Pte, Ltd).  
A series of stock arsenic solution (e.g, arsenate, arsenite, DMA and MMA) with 
concentration of 1000 mg-As/L was respectively prepared by dissolving related 
arsenic powder (Na2HAsO4·7H2O, As2O3, C2H7AsO2 and CH3AsNa2O3) in DI water. 
A certain amount of sodium hydroxide was added into arsenite solution to enhance 
the solubility of As2O3 during the preparation of arsenite solution. 
All the batch experiments were carried out at room temperature. The pH values 
were adjusted or maintained during the process by adding a proper amount of nitric 
acid and sodium hydroxide. After the adsorption, all samples were filtered by 0.45µm 
Nylon Syringe filter and the concentration of arsenic, zirconium, yttrium and ferric 
ion in solution was measured by an inductively coupled plasma emission spectrometer 
(ICP-OES; Thermo iCAP 6000). The total organic carbon (TOC) of the solution 
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before and after membrane process was measured by a Shimadzu TOC-VCHS high 
temperature combustion analyzer (TOC-VCHS, Shimadzu).  
3.3.1 Adsorption isotherm 
In the adsorption isotherm experiment, 100 mL arsenic solutions with different 
arsenic concentration were prepared in glass bottles. The solution pH was adjusted to 
be a certain value according to the type of adsorptive material. During the adsorption, 
the pH of the solution was maintained. The designed mass of adsorptive material was 
then added into the arsenic solution. Then the mixtures were shaken at room 
temperature for 48 h. At the end of experiment, the samples were taken and analyzed 
for the concentrations.  
3.3.2 pH effect 
In the pH effect experiments, the arsenic solutions with a certain initial 
concentration was initially adjusted to different pH and maintained during the 
adsorption process. Other procedures were the same as the adsorption isotherm 
experiment.  
3.3.3 Adsorption kinetics 
In the kinetics experiments, a designed amount of adsorptive material was added 
into 1000 mL arsenic solution. The initial concentration of arsenic and solution pH 
was chosen according to the type of adsorptive material. The mixture solution was 
stirred at a constant rate and samples were taken at different time intervals. Other 
procedures were the same as the adsorption isotherm experiment.  
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3.3.4 Effect of ionic strength 
In the study of the ionic strength effect, 100 mL arsenic solutions with different 
concentration of sodium nitrate or sodium perchlorate were prepared in glass bottle. A 
designed amount of adsorptive material was added into each of the arsenic solutions 
and the solution pH was adjusted to be a certain value according to the type of 
adsorptive material. Other procedures were the same as the adsorption isotherm 
experiments.  
3.3.5 Effects of coexisting substances 
Humic acid (HA) was chosen to represent natural organic matter (NOM) in this 
study. Co-existing anions of NaF, Na2SO4, NaHCO3, Na2SiO3 and NaH2PO4 or HA 
with different concentrations were added to arsenic solution respectively to 
investigate the influence of their presence on the adsorption process. The 
concentration of arsenic in the solution and solution pH were chosen according to the 
type of the adsorptive material. Afterwards, a designed amount of adsorptive material 
was added in the mixture solution. Other procedures were the same as the adsorption 
isotherm experiments.  
3.4 Continuous filtration experiments 
The YFNP-BFSM2.0 and ZNP-BFSM3 membranes were chosen for the filtration 
experiment since the highest adsorption capacity was respectively obtained among 
two types of the tested membranes. The experiment was conducted using a cylindrical 
stirred ultrafiltration cell with an 800 mL feed tank (Model 8050, Millipore). The 
membrane with an effective area of 12.56 cm2 was placed on the membrane holder 
and sealed with an O-ring. The feed tank was then filled with a certain concentration 
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of arsenate synthetic solution. The chosen arsenic concentration was much higher than 
the contamination level in many countries or regions in the world (e.g., Bangladesh). 
A compressed air was employed on the membrane. 
3.5 Characterization method 
3.5.1 Point of zero charge (pHPZC) 
The point of zero charge (pHPZC) was estimated according to the method reported 
in the literature (Kinniburgh et al., 1975). The adsorptive materials were suspended in 
0.01 M NaNO3 for 24 h, after which the rate of pH change with time was very slow. 
50 mL of suspension was then adjusted to various pH values with NaOH or HNO3 
solution. After agitation for 60 min for equilibrium, the initial pH was measured; then 
1.5 g of NaNO3 was added to each suspension to bring final electrolyte concentration 
to about 0.45 M. After an additional 3 h, the final pH was measured. The results, 
plotted as ∆pH (final pH - initial pH) against final pH, yielded the pHPZC as the pH, at 
which ∆pH equaled to 0. 
3.5.2 FTIR and XPS studies 
To explore the change of surface chemistry of adsorptive materials during the 
adsorption, Fourier transform infrared spectroscopy (FTIR) spectra of virgin and As-
loaded materials were acquired using a Shimadzu FTIR spectrometer (IRPrestige-21) 
equipped with a Pike ATR. The background was automatically subtracted from the 
sample spectra. The spectra were collected within the wave number range of 650 and 
4000 cm-1. The spectra were recorded at a resolution of 4 cm−1 by co-adding 32 scans 
and plotted in the same scale on the transmittance axis. 
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The surfaces of virgin and As-loaded materials were analyzed using X-ray 
photoelectron spectroscopy (Kratos XPS system - Axis His -165 Ultra, Shimadzu), 
with a monochromatized Al Kα X-ray source (1486.6 eV) working at 150 W, 15 kV, 
10 mA and the base pressure of 3 × 10-8 Torr in the analytical chamber. For wide scan 
XPS spectra, an energy range from 0 to 1100 eV was used with pass energy of 80 eV 
and step size of 1 eV. The high resolution scans were conducted according to the peak 
being examined with pass energy of 40 eV and step size of 0.05 eV. To compensate 
for charging effect, C 1s signal of an adventitious carbon was used as reference at a 
binding energy (BE) of 284.6 eV. The XPS results were collected in binding energy 
form and fit using a nonlinear least-square curve fitting program (XPSPEAK41 
Software). For the element of oxygen, the spectra were deconvolved with the 
subtraction of a linear background. 
3.5.3 Surface morphology analysis  
The surface morphology of adsorptive materials was studied by field emission 
scanning electron microscope (FESEM) (JSM-6701F, JEOL, Japan). The samples 
were first sputter coated with a thin film of platinum on the surface to obtain electric 
conductivity. The membranes were cut in liquid nitrogen to get the cross-section 
images.  
The surface roughness of membranes were examined by atomic force microscope 
(AFM) equipped with 1533D scanner (Nanoscope III AAFM, Digital Instruments Inc., 
USA). The membrane with an area of 10.0 µm×10.0 µm was scanned by using the 
tapping mode in air. 
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3.5.4 Porosity and contact angle 
Membrane porosity was measured by dry-wet weight method (Chen et al., 2004). 
The membranes were kept in DI water for several days first, and then the superficial 
water of membranes was suck up with tissue paper. After that the weights of wet 
membranes (mw) were tested by electronic scale. After dried in oven, the dry weights 
(md) of membranes were measured again. The measurement was repeated for at least 
three times and calculated average to minimize experimental error. The porosity of 









dw                                                                                          3-1 
where P (%) is the porosity of membrane, mw (g) is the wet weight of sample, md (g) 
is the dry weight of sample, ρw (g/cm3) is the density of pure water, A (cm2) is the area 
of membrane in wet state and δ (cm) is the thickness of membrane in wet state.  
The contact angle of the membranes was measured by a drop shape analyzer 
equipped with software-controlled dosing system (DSA25, KRUSS) at 25 °C. During 
measurements, DI water was used as the probe liquid. Immediate contact angles were 
taken and calculated by the software instantaneously when water drops touch the 
membrane surface. In order to minimize the error at least five points from different 
parts of each membrane surface were measured to calculate the average value of 
contact angle. 
3.5.5 Pure water flux (PWF) 
The pure water flux of the membrane was tested under steady-state flow mode. 
The definition of measurement was the same as the study of Chen et al. (2004). The 
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flux was measured by a cylindrical stirred ultrafiltration cell (Model8050, Millipore 
Corporation) under trans-membrane pressure of 10 psi. The PWF was determined by 





                                                                                                        3-2                                                              
where JW (L/m
2·h·bar) is the PWF, Q (L) is the quantity of water permeated, t (h) is 
the sampling time interval, p (bar) is the pressure and S (m2) is the membrane area. 
3.5.6 Mechanical strength 
Tensile strength and elongation at break of membranes were determined by a 
universal tensile strength measurement machine (AGS-J, INSTRON). Measurements 
were carried out in a strain rate of 10 mm/min at room temperature. For each 
membrane, at least six samples were measured to obtain the average value. 
 
 





REMOVAL OF ARSENATE FROM AQUEOUS 
SOLUTION BY YTTRIUM FERRIC BINARY 
NANOPARTICLES 
The yttrium ferric binary nanoparticles (YFNP) were prepared through a simple 
co-precipitation method, as described in previous chapter. In this chapter, the 
nanoparticles were optimized in the molar ratio of Y/Fe and a series of batch 
experiments were carried out to evaluate the adsorption performance of the YFNP for 
arsenic removal. Adsorption of arsenite was not studied in this chapter as it could be 
easily oxidized to arsenate in the pre-oxidation unit. X-ray photoelectron spectroscopy 
(XPS) analysis was applied to further understand the adsorption mechanism. 
4.1 Performances of Y-Fe binary nanoparticles 
The yttrium-ferric binary nanoparticles can be prepared based on the approach 
shown in section 3.2.1. Different molar ratio of yttrium and iron was used to 
synthesize the adsorbents. As shown in Figure 4.1, the adsorption capacity of the 
adsorbents is significantly enhanced with the increase of molar ratio of yttrium. The 
optimal molar ratio is found as 8:1 with the adsorption capacity of 266.15 mg-As/g at 
pH 7. With further increase of molar ratio of yttrium, there is no obvious change in 
the adsorption capacity. Thus, the yttrium-ferric binary nanoparticles with the molar 
ratio of 8:1 was chosen to test the adsorption performance and study the mechanism in 
the subsequent experiments. 






















Figure 4.1. Adsorption capacities of yttrium-ferric binary nanoparticles with different 
molar ratio of Y/Fe. Experiment conditions: adsorbent dosage = 0.1g/L; initial 
arsenate concentration = 50 mg-As/L; solution pH = 7; contact time = 48 h. 
4.2 Properties of the YFNP 
The physical and chemical properties of the yttrium-ferric binary nanoparticles 
with the molar ratio of Y/Fe = 8:1 were investigated by a series of characterization 
methods.  
 Figure 4.2a shows that field emission scanning electron microscope (FESEM) 
images of the YFNP, indicating the YFNP are aggregated with nano-sized particles. 
This structure can result in a high surface area which enhances the internal diffusion 
and adsorption of arsenic anions.  
The value of point of zero charge (pHPZC) of the YFNP is approximate 7.0 as 
shown in Figure 4.2b. The surface charge of the adsorbent highly depends on the 
solution pH. If the solution pH is above its pHPZC, the surface of the YFNP is 
negatively charged, which would cause stronger electrostatic repulsion between the 
active sites and the anionic arsenic. On the other hand, the YFNP becomes positively 




charged when the solution pH is below its pHPZC, which can lead to better adsorption 
of arsenic anions. 
              
 
















Figure 4.2. Characterization of the YFNP: (a) FESEM image; (b) pHPZC of the YFNP. 
The XPS analysis was conducted and the results are shown in Figure 4.3. The peak 
positions of Y3d5/2 and Y3d3/2 are characteristic of Y(III). The iron in the adsorbent is 
mainly in the oxidation state of +III.  









 Binding energy (eV)
 
 
  Y 3d5/2
(158.6 eV)




700 710 720 730 740







  Fe 2p 3/2     





Figure 4.3. XPS spectra of the YFNP (a) Y 3d; (b) Fe 2p. 
4.3 Arsenate removal by the YFNP 
4.3.1 Adsorption isotherm  
The adsorption isotherm provides fundamental physicochemical information for 
understanding the adsorption process. The adsorption isotherms of arsenate by the 
YFNP at pH 4.0 and 7.0 were studied and the obtained results are shown in Figure 4.4. 




To understand the adsorption equilibrium, two most commonly used isotherm models, 
Langmuir and Freundlich model, were employed to simulate the adsorption isotherm 
data and the isotherm constants are summarized in Table 4.1.  
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 Langmuir isotherm (r2= 0.974)





















 Experimental data: pH = 7
 Langmuir isotherm (r2= 0.937)










Figure 4.4. Adsorption isotherms for arsenate onto the YFNP at pH 4 and 7. 
Experiment conditions: the YFNP dosage = 0.1 g/L; solution pH = 7.0; contact time = 
24 h. 













r2 K  
(mg(1-1/n)L1/n/g) 
1/n r2 
pH 4 401.82 1.498 0.974 203.45 0.190 0.901 
pH 7 288.66 0.810 0.937 151.33 0.0156 0.860 
 
Table 4.2 Comparison of maximum arsenate adsorption capacities of different 
adsorbents. 
Adsorbent Arsenate conc. (mg-As/L) 
Max. As adsorption 
capacity (mg-As/g) a Ref. 
Fe-Cu binary oxide 0-50 82.7 (pH 7.0) (Kuo et al., 1988) 
Fe-Mn binary oxide 0-40 53.9 (pH 7.0) (Zhang et al., 2007a) 
Fe-Zr binary oxide 0-40 46.1 (pH 7.0) (Ren et al., 2011) 
Zr based nanoparticle 0-80 256.4 (pH 3.0) (Ma et al., 2011) 
Mg-Al layered double 
hydroxide 0-150 129.7 (pH 5.0) 
(Wen et al., 
2013) 
Nanostructure iron-
zirconium mixed oxide 5-250 14.3 (pH 7.0) 
(Gupta and 
Ghosh, 2009) 
Fe3O4 coated boron 
nitrite nanotube 1-40 32.2 (pH 7.0) 
(Chen et al., 
2011) 
Hydrous ferric oxide 0-15 165 (pH 4) (Hsia et al., 1994) 
Amorphous iron 
hydroxide 2.5-50 114.75 (pH 4.0) 
(Pierce and 
Moore, 1982) 
Basic yttrium carbonate 750-4500 428.5 (pH 7.5-9) (Wasay et al., 1996) 
Y-Fe binary oxide 0-100 288.7 (pH 7.0) 401.8 (pH 4.0) Present study 
a pH is shown in brackets. 
 
As shown in Figure 4.4, the maximum adsorption capacity of the adsorbent at pH 
4.0 and 7.0 can reach 401.82 and 288.66 mg-As/g, respectively. According to the 




correlation coefficient (r2), Langmuir model works better to describe the adsorption 
behavior than Freundlich model in both pH conditions. Langmuir adsorption isotherm 
is widely used to simulate the adsorption process onto homogeneous surfaces. The 
higher regression factor indicates that the adsorption of arsenate by the YFNP is 
mainly controlled by monolayer adsorption process. As listed in Table 4.2 the 
adsorption capacity of YFNP is higher than most of the reported adsorbents the YFNP 
except basic yttrium carbonate. Although the basic yttrium carbonate possess a higher 
adsorption capacity, the dissolution of the basic yttrium carbonate under acidic 
condition limited its application. Meanwhile, the designed YFNP would perform 
better stability (shown in Section 4.3.2). The promising adsorption capacity of the 
YFNP calculated by the isotherm study suggests that it may be used as a potential 
material for the decontamination of arsenic especially in arsenic-containing industrial 
wastewater.  
4.3.2 pH effect 
The effect of solution pH on the removal of arsenate was experimentally studied in 
pH range of 2-11 and the data is shown in Figure 4.5a. The higher uptake of arsenate 
can occur in weak acidic and neutral conditions. The maximum adsorption capacity of 
316.35 mg-As/g is obtained at pH 4.0. It is worthwhile to note that the adsorption 
capacity is quite low at pH 2.0. This is mainly due to the dissolution of the YFNP 
occurring at such acidic condition. The adsorption efficiency decreases slightly with 
the increase of solution pH, and there is still 277.58 mg-As/g observed at pH 7.0. This 
value is far higher than that of most reported adsorbents listed in Table 4.2. The 
arsenate adsorption significantly decreases with the further increase of solution pH.  











































Figure 4.5. Effect of solution pH on arsenate removal by the YFNP: (a) experimental 
observation for arsenate uptake; (b) the initial pH versus final pH. Experiment 
conditions: the YFNP dosage = 0.1 g/L; initial arsenate concentration = 50 mg-As/L; 
contact time = 24 h. 
According to the pHPZC value of the YFNP, the electrostatic effect might play a 
certain role on the arsenate adsorption process. The stronger protonation of the 
functional group on the surface of the YFNP can be achieved at pH < 7, which 
enhances the electrostatic attraction between positively charged active sites of the 




YFNP and the arsenate anions. However, with the further increase in solution pH, the 
surface of the YFNP may become negatively charged, leading to an enhancement in 
the electrostatic repulsion effect. As such, the arsenate adsorption decreases at pH > 7 
(Zheng et al., 2009). As reported in many references, the strong competition between 
hydroxide and arsenate anions can be considered as the other reason to cause the 
remarkable reduction of arsenate adsorption at basic condition (Addo Ntim and Mitra, 
2012; Wen et al., 2013). 
Another series pH effect experiments without controlling pH during the process 
were carried out. The initial pH versus equilibrium pH is shown in Figure 4.5b. It is 
found that the final pH is elevated after adsorption indicating the hydroxide ions are 
released into solution during the adsorption. Thus, the increase in pH will inhibit the 
release of hydroxide ions which may further explain the reason for the decrease of the 
adsorption capacity with the increase in pH from 4.  
Both of the yttrium and ferric concentrations in the solution were measured after 
arsenite adsorption. It is observed that the levels of yttrium and ferric are below the 
detection limit line of ICP device under pH range above 3, indicating no leaching of 
yttrium and ferric from the YFNP occurs. Whereas the YFNP are found to be 
dissolved at pH 2 suggesting they are not suitable to be applied under extreme acidic 
conditions. 
4.3.3 Adsorption kinetics  
To design an appropriate adsorption treatment process, it is important to 
understand the rate at which pollutant is removed during the adsorption process. 
Therefore, the study of adsorption kinetics is crucial, as it controls the residence time 
of adsorbate uptake at the solid-solution interface. To better understand the adsorption 




kinetics, pseudo-first order model, pseudo-second order model and intraparticle 
diffusion model were employed to simulate the adsorption process. The related 
parameters calculated from both models are listed in Table 4.3.  
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Figure 4.6. Adsorption kinetics study of arsenate onto the YFNP: (a) experimental 
data and modeling results by pseudo-first order and pseudo-second order models; (b) 
intraparticle diffusion plot. Experiment conditions: the YFNP dosage = 0.1 g/L; initial 
arsenate concentration = 30 mg-As/L; solution pH = 7.0. 
 




Table 4.3 Adsorption kinetics constants of arsenate uptake on the YFNP obtained by 
different models. 
















0.36 226.34 0.91 0.02 256.92 0.97 63.24 23.41 0.986 
 
4.3.3.1 Pseudo-first order and pseudo-second order model 
As shown in Figure 4.6a, a rapid uptake of arsenate occurs in the initial 4 h and 
about 50 % of equilibrium adsorption capacity is achieved during this period, 
followed a slow-down adsorption process. The equilibrium can be reached within 24 
h. According to the correlation coefficient (r2), the experimental data can be better 
described by the pseudo-second order model, indicating the adsorption process of 
arsenate by the YFNP could be due to chemisorptions (Zeng et al., 2008). 
4.3.3.2 Intraparticle diffusion model 
In order to gain insight into the mechanisms and rate controlling steps of 
adsorption process, the Weber’s intraparticle diffusion model was used to simulate the 
kinetics experimental data (Weber and Morris, 1963). Previous studies (Vadivelan 
and Kumar, 2005; Walker et al., 2003; Wu et al., 2009; Zhang et al., 2010a) 
demonstrated: (1) if the plot of qt against t
1/2 gives a straight line, the adsorption 
process is only controlled by intraparticle diffusion; and (2) if the plot shows multi-
linearity, two or more steps are involved in the adsorption process. The plot of qt of 
arsenate uptake by the YFNP versus t1/2 is illustrated in Figure 4.6b. The intraparticle 
diffusion rate constant kid can be obtained from the slope of the linear portion and the 
intercept of the plot reflects the effect of the boundary layer. The larger the intercept 
indicates the greater the contribution of the boundary layer effect on the rate-limiting 




step. The values of kid and α are summarized in Table 4.3. It shows that the adsorption 
process tends to be governed by the intraparticle diffusion based on the linear portion.  
4.3.4 Effect of ionic strength 
Because the ionic strength may vary greatly in natural waters and affect the surface 
property of the adsorbent, it is important to evaluate the effect of ionic strength on the 
arsenic adsorption. The ionic strength dependency study on adsorption can also be 
used as a method to distinguish between inner- and outer-sphere surface complexes 
(Hayes et al., 1988). According to the bonding affinity of ions toward active sites on 
the adsorbent surface, the adsorption can be divided into outer-sphere ion-pair 
complexes (weakly bonding) and inner-sphere surface coordination complexes 
(strongly bonding). When the inner-sphere complex is formed during the adsorption 
process, the strongly bonding anions are relatively unaffected or respond to ionic 
strength. However, the adsorption can be remarkably reduced with the increase of the 
ionic strength during the outer- sphere complex adsorption process (Hayes et al., 
1988; Wei et al., 2011).  
The effect of ionic strength on arsenate adsorption was experimentally studied and 
the data is shown in Figure 4.7. There is no obvious change on the adsorption capacity 
as the ionic strength increases from 0 to 0.1 M. The result indicates that the adsorption 
of arsenate onto the YFNP is mainly controlled by the inner-sphere complex 
adsorption. 






















Figure 4.7. Effect of ionic strength on arsenate removal by the YFNP. Experiment 
conditions: the YFNP dosage = 0.1 g/L; initial arsenate concentration = 50 mg-As/L; 
solution pH = 7.0; contact time = 24 h. 
4.3.5 Effects of coexisting substances 
Generally, natural organic matter (NOM) and other anions such as sulfate, 
phosphate, bicarbonate and fluoride co-exist in the surface water or groundwater. The 
adsorption process may be significantly affected by the presence of NOM and such 
anions. Thus, the influence of competitive substances on the arsenate removal was 
experimentally studied and the data is shown in Figure 4.8. 
 As one can see that only a slight influence on arsenate uptake occurs in the 
presence of sulfate, bicarbonate and humic acid. The existence of phosphate seems to 
have most significant impact on the adsorption of arsenate. This might be due to that 
phosphorus is chemically similar to arsenic, and behaves similarly to arsenic. Thus, 
the existence of phosphate comes into being a strong competition with the arsenate 
ions. While the concentration of phosphate in the solution is more than twice of the 
arsenate concentration (0.4 mM), the adsorption capacity of arsenate drops by nearly 




50 %. It can also be seen that the uptake of arsenate is obviously hindered by the 
presence of fluoride under high fluoride concentration in the solution. This might be 

























































Figure 4.8. Effects of sulfate, silicate, bicarbonate, phosphate, fluoride and HA 
concentration on the adsorption of arsenate by the YFNP. Experiment conditions: the 
YFNP dosage = 0.1 g/L; initial arsenate concentration = 30 mg-As/L (0.4 mM); 
solution pH = 7; contact time = 24 h. 
Table 4.4 The related adsorption capacity of arsenic, phosphate and fluoride. 
q, 
mg/g 
Conc. of phosphate, mM Conc. of fluoride, mM 
0 0.1 1.0 10 0 0.1 1.0 10 
As 245.9 206.1 133.3 88.9 245.9 245.7 178.9 134.7 
P 0 36.49 130.68 167.60 --  -- -- -- 
F -- -- -- -- 0 9.50 40.04 84.97 
-- refers to anion not existing in the solution 
 
In order to study the strong competition of phosphate or fluoride with the arsenic 
anions, the related adsorption capacities of phosphate and fluoride were also measured 
in the study of competitive adsorption. As listed in Table 4.4, the YFNP exhibit a high 




adsorption affinity towards both phosphate and fluoride. Furthermore, the adsorption 
capacities of phosphate and fluoride are increased with the increase of their 
concentrations respectively which causes the severe reduction of arsenic uptake. This 
result confirms the strong competition between the arsenic anion and phosphate or 
fluoride. Note that the adsorption capacity of phosphate and fluoride onto YFNP can 
respectively reach as high as 167.60 mg-P/g and 84.97 mg-F/g. Such high adsorption 
performance indicates that the YFNP can be used to remove arsenic, phosphate and 
fluoride simultaneously. 
4.4 Spectroscopic analysis 



































Figure 4.9. XPS wide-scan spectra of the adsorbents: (a) virgin YFNP; (b) As-loaded 
YFNP. 
XPS was used to study the interaction of arsenate anions on the YFNP. The XPS 
wide scan spectra of the virgin and As-loaded YFNP are shown in Figure 4.9. The 




presence of the As 3d, As 3p, As 3s and As LMM peaks in the As-loaded YFNP 
clearly indicates arsenate has been successfully adsorbed on the YFNP. The 
characteristic peaks for yttrium and iron such as Y 4p, Y 3d, Y 3p, Y 3s and Fe 2p can 
be clearly detected on the surface of the YFNP. Furthermore, the high resolution XPS 
spectrum of As 3d of As-loaded adsorbent is shown in Figure 4.10. 
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Figure 4.10. XPS spectrum of As 3d of As-loaded YFNP.  
Table 4.5 Atomic ratios in the YFNP from XPS study. 
Atomic ratio (%) Y Fe C O As 
Virgin adsorbent 9.94 1.58 48.11 40.36 0 
As-loaded adsorbent 9.04 1.63 52.98 32.57 3.71 
 
The atom fractions of YFNP adsorbent before and after arsenate adsorption are 
illustrated in Table 4.5. After arsenate adsorption, arsenic element is detected on the 
surface of the adsorbent with the atomic fraction of 3.71%, indicating that the arsenate 
anions are successfully adsorbed onto YFNP. Meanwhile, the atomic fraction of O 
decreases remarkably from 40.36% to 32.57% after the adsorption due to the possible 




replacement of hydroxyl groups and carbonate group on the surface of the adsorbent 
(detailed discussion can be found in section 4.5). 
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Figure 4.11. XPS spectra of C 1s of the YFNP: (a) virgin YFNP; (b) As-loaded 
YFNP. 
As reported previously, the carbonate group might play a certain role on the 
arsenic adsorption by yttrium-based adsorbent (Wasay et al., 1996). To further 
investigate the role of carbonate group, C 1s spectra of the YFNP before and after 
adsorption were investigated and shown in Figure 4.11. The main absorption peak at 
the binding energy of 284.8 eV is assigned to reference carbon due to exposure to the 
atmosphere, while the peak with the binding energy of 290.31 eV is attributed to the 
presence of carbonate group (Heuer and Stubbins, 1999). After arsenate adsorption, 
the strength of the peak of carbonate group significantly decreases and the relative 
ratio drops from 10.28 % to 5.46 %. As reported by Wasay et al. (1996), the exchange 




process between carbonate group and arsenate might occur during the arsenic 
adsorption using a basic yttrium carbonate to remove both arsenite and arsenate from 
aqueous solution.  


























Figure 4.12. XPS spectra of O 1s of the YFNP: (a) virgin YFNP; (b) As-loaded 
YFNP. 
As shown in Figure 4.12, the high resolution scan of O1s spectrum of the YFNP 
can be divided into metal oxide (M-O), hydroxyl group bonded to metal (M-OH) and 
carbonate group (-CO32-) and adsorbed water (H2O) with the binding energies of 
530.17, 532.01 and 533.43 eV (for virgin YFNP) and 531.17, 531.85 and 532.69 eV 
(for As-loaded YFNP). The changes in the binding energy and the relative content of 
oxygen-containing groups are also shown in Figure 4.12. After the arsenate 
adsorption, the relative area ratios for the peaks due to the M-O and H2O increase 
from 7.08% to 10.73% and 24.04% to 28.49%, respectively. The relative area ratio for 




the peak due to M-OH/-CO32- decreases from 68.88% to 60.78%. The decrease in the 
area ratio indicates that the hydroxyl group and carbonate group on the YFNP surface 
might be involved in the arsenate adsorption. The role of hydroxyl group and 
carbonate group on the YFNP surface in arsenate uptake will be discussed later. 
Furthermore, based on atomic percentages shown in Table 4.5 and the percentages 
of oxygen-containing groups and carbonate group from XPS analysis, the chemical 
formula of the YFNP can be deduced as Y13Fe2O3(OH)27(CO3)6·12H2O. 
4.5 Mechanism study 
To further understand the mechanism of arsenate adsorption, some experiments 
were carried out as the following procedure. The YFNP under different dosage was 
directly added into arsenate solution. To avoid the interference of other ions, the 
solution was prepared by dissolving arsenate solid into ultrapure water and one blank 
sample was chosen as reference. The changes of solution pH, arsenate and carbonate 
concentrations before and after adsorption were tested. The concentration of 
carbonate was measured using the TOC device.  
As shown in Figure 4.13, it can be found that there is a quite good linear 
relationship between hydroxide-released and arsenate-adsorbed (r2 = 0.95), the molar 
ratio of hydroxide group released in the adsorption process and arsenate adsorbed is 
about 0.249 in this study. Similarly, it is also found that there is a good linear 
relationship between carbonate-released and arsenate-adsorbed with the correlation 
coefficient of 0.98. The molar ratio of these two ions is about 0.934. This result 
indicates ion exchange process between functional groups on the YFNP and arsenate 
ions in the solution can occur during the arsenate adsorption, and carbonate groups 
play a more important role in the arsenate adsorption in comparison to hydroxyl 




groups. It should be noted that the solution pH after arsenate adsorption can reach 
around 10. Based on the result of pH effect, it is found that the increase of hydroxide 
concentration in the solution may hinder the arsenate uptake, which may be due to 
inhibitory effect on the ion exchange process causing by the increase of hydroxide 
concentration. 
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Figure 4.13. The relationship between functional groups-released and As-adsorbed 
during adsorption process: (a) hydroxyl group; (b) carbonate group. 




4.6 Chapter summary 
The effect of Y/Fe molar ratio on the adsorption performance of the nanoparticles 
was studied and the optimal adsorption performance of arsenate was obtained at the 
Y/Fe molar ratio of 8:1. The pHPZC of the YFNP was 7, which meant a better 
adsorption of arsenic anions might occur at solution pH below 7. Based on the XPS 
analysis, the oxidation state of Y and Fe in the YFNP was + III. Furthermore, the 
actual molar ratio of Y/Fe was about 6.5:1 and the chemical formula of the YFNP was 
deduced as Y13Fe2O3(OH)27(CO3)6·12H2O. The maximum adsorption capacity at 
optimal pH 4 and neutral pH 7 could reach 401.8 and 288.7 mg/g, respectively. The 
kinetics experiment showed a rapid adsorption of arsenate can be achieved at the 
initial 4 h and the adsorption equilibrium could be achieved within 24 h. The pseudo-
second order model worked better to fit the kinetics data than the pseudo-first order 
model, indicating the adsorption process of arsenate by the YFNP was a 
chemisorption process. The intraparticle diffusion model showed that the adsorption 
process was governed by intraparticle diffusion. The arsenate uptake was mainly 
controlled by the inner-sphere complex process. The presence of fluoride and 
phosphate showed significant interference on the arsenate adsorption. XPS analysis 
and the mechanism study indicated that the carbonate group might play more 
important role than hydroxyl group in the arsenate adsorption. 





REMOVAL OF ARSENIC FROM AQUEOUS 
SOLUTION BY ZIRCONIUM BASED 
NANOPARTICLES 
The previous chapter provides an efficient adsorbent for arsenate removal from 
water. In this chapter, another nano-sized adsorbent, zirconium based nanoparticles 
(ZNP) which has been found to have a high adsorption capacity of arsenate in 
previous study (Ma et al., 2011), were used for the removal of arsenite (As(III)) and 
methylarsonic acid (MMA). The adsorption performance and mechanism were 
studied by a series of experiments and characterization methods. 
5.1 Arsenite removal by the ZNP 
5.1.1 Adsorption isotherm 
The isotherm data and the predicted Langmuir and Freundlich simulation curves 
are shown in Table 5.1 and Figure 5.1.  
Table 5.1 Langmuir and Freundlich isotherm constants for adsorption of arsenite onto 
the ZNP. 
Langmuir isotherm Freundlich isotherm 
qmax (mg/g) b(L/mg) r
2 K (mg
(1-1/n)L1/n/g) 1/n r2 
138.75 0.401 0.99 60.58 0.21 0.98 
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Figure 5.1. Adsorption isotherm of arsenite onto the ZNP. Experiment conditions: the 
ZNP dosage = 0.5 g/L; solution pH = 8-9; contact time = 48 h. 
Table 5.2 Comparison of maximum adsorption capacity for arsenite of the ZNP with 
some reported adsorbents. 
Adsorbent  qmax (mg-As/g) pH Ref. 
ZNP 138.75 8.0-9.0 Present study 
Activated alumina grains 3.48 6.9 (Lin and Wu, 2001) 
Nanoscale zero-valent iron 1.8 7.0 (Kanel et al., 2005) 
Nanocrystalline titanium oxide 60 7.5 (Pena et al., 2005) 
Nanostructure iron(III)–titanium(IV) 
oxide 84.75 7.0 (Gupta et al., 2008) 
Iron doped active carbon nanoparticle 15 7.0 (Fierro et al., 2009) 
Manganese associated hydrous 
iron(III) oxide 51.75 7.0 (Gupta et al., 2010) 
Nano-sized Fe2O3 1.95 6.5 (Prasad et al., 2011) 
 
The maximum adsorption capacity of the ZNP for arsenite is 138.75 mg-As/g. 
Based on the obtained isotherm constants and their corresponding correlation 




coefficient values listed in Table 5.1, both Langmuir and Freundlich equations fit 
experimental data well. It is observed that the data can be better described by 
Freundlich model at lower solute equilibrium concentrations, whereas the Langmuir 
model fit the data better at higher concentrations. A comparison of the maximum 
adsorption capacity for arsenite on the ZNP with other reported adsorbents is listed in 
Table 5.2 showing that the maximum adsorption capacity value of the ZNP for 
arsenite removal is higher than that of most reported adsorbents. 
5.1.2 Effects of pH and ionic strength 
Generally, the distribution of arsenite species in solution and the surface properties 
of the ZNP are highly pH dependent. To evaluate the influence of pH on the arsenite 
uptake, a series of adsorption experiments were performed at different pH ranging 
from 2 to 11, and results are shown in Figure 5.2a. It was found that the adsorption of 
arsenite increase with increasing pH from 2 to a maximum of 8, then decreases above 
pH 8. Similar trends have been found for arsenite adsorption onto an activated 
alumina reported by Lin and Wu (2001).  
The pH-dependent adsorption behavior may associate with the species distribution 
of arsenite and the surface properties of the ZNP. The ZNP has a point of zero charge 
(pHPZC) value of 2.85, which means the adsorbent is positively charged as solution pH 
is lower than 2.85 and is negatively charged when solution pH is higher than 2.85 (Ma 
et al., 2011). Hence, the ZNP would be negatively charged in most of the 
experimental pH range. As illustrated in Figure 2.2b, the arsenite species may be in 
the forms of H3AsO3, H2AsO3
−, HAsO3
2−, and AsO3
3−, which is dependent on the 
solution pH. From pH 2 to 8, the neutral H3AsO3 is the dominant species in the 




aqueous solution. The electrostatic attraction between the negatively charged ZNP 
and the neutral arsenite species can be neglected. This indicates that the adsorption of 
arsenite onto the ZNP may be mainly due to chemisorption rather than the 
electrostatic interaction. However, the amount of negatively charged arsenite species 
is increased as the solution pH is higher than 8. The electrostatic repulsive between 
arsenite species and the negatively charged ZNP may lead to the reduction of the 
uptake of arsenite at pH above 8. 
In order to further understand adsorption process, another series pH effect 
experiments were carried out, in which solution pH was not controlled during the 
process. The initial pH versus final pH and the sulfate released as a function of initial 
pH are shown in Figure 5.2b. It is demonstrated the final pH is lower than the initial 
pH, and the amount of sulfate released notably increases with increasing pH. These 
results imply that hydrogen and sulfate ions are released into solution during the 
adsorption, which might be responsible for the arsenite uptake increasing with an 
increase in pH from 2 to 8. The increase in pH facilitates the release of H+ during the 
adsorption. 
The zirconium concentration in the solution was measured after arsenite adsorption. 
It is observed that the level of zirconium is below the detection limit of ICP-OES 
instrument (lower than 10 µg/L) indicating no leaching of zirconium from the ZNP 
occurs in the experimental pH range.  
Moreover the effect of ionic strength on the arsenite adsorption was evaluated in 
this study and the data is shown in Figure 5.2a. It is found the uptake of arsenite onto 
the ZNP is not affected by the increase in ionic strength from 0 to 0.05 M. This 




suggests the arsenite uptake may be governed by inner-sphere complex adsorption 
mechanism. 
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Figure 5.2. Effects of pH and ionic strength on arsenite uptake onto the ZNP: (a) 
experimental observation for arsenite uptake; (b) the initial pH versus final pH and the 
sulfate releasing. Experiment conditions: the ZNP dosage = 0.5 g/L; initial 
concentration of arsenite = 65 mg-As/L; contact time = 48 h. 
 




5.1.3 Adsorption kinetics 
The adsorption kinetics data was analyzed using different kinetics models 
including pseudo-first order model, pseudo-second order model and intraparticle 
diffusion model. 









 Pseudo-first order model (r
2
 = 0.993)

























































































Figure 5.3. Adsorption kinetics study of arsenite adsorption onto the ZNP: (a) 
experimental data and modeling results by pseudo-first order and pseudo-second order 
models; (b) intraparticle diffusion plot; (c) the relationship between release of sulfate 
and contact time (inset graph: the relationship between the release of sulfate and the 
adsorption of arsenic during the adsorption process). Experiment conditions: the ZNP 
dosage = 0.2 g/L; initial concentration of arsenite = 38 mg-As/L; solution pH = 8-9.  
Table 5.3 Adsorption kinetics constants of arsenite onto the ZNP obtained by different 
models. 





2 K2 ((g/mg)/h) 
qe 
(mg/g) r




0.12 109.5 0.993 0.001 131.25 0.998 18.98 10.2 0.987 
 
5.1.3.1 Pseudo-first order and pseudo-second order model 
The experimental data and pseudo-first order and pseudo-second order model 
fitting curves are shown in Figure 5.3a. Most of the arsenite uptake rapidly occurs in 
the first 10 h, followed by a relatively slow process. The adsorption can obtain pseudo 
steady state within 48 h. The rate constants, calculated qe and correlation coefficients 
obtained are summarized in Table 5.3. As shown in Figure 5.3a and Table 5.3, the 




pseudo-second order model with higher r2 value fits the data better than the pseudo-
first order model. This indicates that the adsorption process might be chemisorption. 
5.1.3.2 Intraparticle diffusion model 
The Weber’s intraparticle diffusion model was also used to simulate the kinetics 
experimental data to figure out the rate controlling steps of the adsorption process 
(Weber and Morris, 1963). The plot of qt of arsenite uptake by the ZNP versus t1/2 is 
illustrated in Figure 5.3b. The values of kid and α are summarized in Table 5.3. It is 
observed that the adsorption process tends to be divided into two phases: an initial 
smooth curve followed by a linear portion. This indicates that the adsorption process 
is initially governed by boundary layer effect and then intraparticle diffusion becomes 
dominate based on the linear portion.  
Furthermore, the amount of sulfate released into the solution as a function of 
contact time was determined and the results are illustrated in Figure 5.3c. It is found 
that the amount of sulfate released from the ZNP increases with an increase in contact 
time, suggesting the adsorption of arsenite leads to the releasing of sulfate from the 
ZNP. The amount of sulfate released is around 3 mmol/g under adsorption 
equilibrium condition, while the arsenite adsorbed onto the ZNP is 113 mg-As/g 
(equivalent to 1.51 mmol/g). This indicates the amount of sulfate released is around 
two times of that of the arsenite adsorbed. 
5.1.4 Effects of coexisting anions substances 
The effects of natural organic matter (NOM), represented by humic acid (HA), and 
coexisting anions including bicarbonate, fluoride, silicate, phosphate and sulfate on 
the adsorption at pH 8-9 were investigated. The concentrations of the competitive 




anions were chosen referred to their actual concentration levels in natural water 
environment (Tyrovola et al., 2006). As shown in Figure 5.4, the existence of HA (0-
10 mg/L), fluoride (0-0.05 mmol/L), silicate (0-10 mmol/L), phosphate (0-0.05 
mmol/L) and sulfate (0-1.0 mmol/L) is not notably influence the arsenite adsorption, 
suggesting that the adsorbent can be efficiently used for arsenite removal from waters 
containing this coexisting substance. However, the presence of 10 mmol/L 
bicarbonate obviously decreases the uptake of arsenite by 17%. The decrease of 












































































































Figure 5.4. Effects of silicate, sulfate, phosphate, fluoride, bicarbonate and HA on the 
adsorption of arsenite by the ZNP. Experiment conditions: the ZNP dosage = 0.5 g/L; 
initial arsenite concentration = 80 mg-As/L; solution pH = 8-9; contact time = 48 h. 
5.1.5 Spectroscopic Analysis  
Fourier transform infrared spectroscopy (FTIR) and X-ray photoelectron 
spectroscopy (XPS) analysis were employed to explore the interactions between 
arsenite and the ZNP, and the obtained results are shown in Figures 5.5 and 5.6. 




5.1.5.1 Fourier transform infrared spectroscopy 
As shown in Figure 5.5, the broad and strong absorption band in the range of 3000-
3600 cm-1 (centered at 3300 cm-1) is responsible for the O-H stretching vibration, 
indicating the presence of hydroxyl group and small amount of water molecular on 
the surface of the ZNP. The peak at 1630 cm-1 could be assigned to the deformation 
vibration of water molecules (H-O-H bending), suggesting the physical adsorption of 
water on the ZNP, which is consistent with the band at 3400-3600 cm-1. The peak at 
1120 cm-1 can be assigned to SO42−, which is in accordance with the chemical 
composition of the ZNP.  
Compared with the FTIR spectrum of virgin ZNP, a small new band at the wave 
number of 816 cm-1 appears in the spectrum of the arsenite loaded ZNP. The 
absorption band in the 750 - 950 cm-1 spectral range should be assigned to the 
stretching vibration of As-O bond (Depalma et al., 2008). Similarly, Deliyanni et al. 
(2006) reported that a broad absorption band near 785 cm-1 corresponding to 
asymmetrical stretch of As-OH was observed after the adsorption of arsenite onto 
surfactant-mediated akaganeite. Hence, this new band can be assigned to the 
stretching vibration of As-O in arsenite, which demonstrates the loading of arsenite on 
the ZNP.  
It should be noted that the intensity of absorption band around 1120 cm-1 
significantly decreases after adsorption, indicating the reduction of sulfate, which is 
consistent with the results of pH effect and kinetics study that sulfate is released from 
the ZNP during the adsorption, implying that an anion exchange mechanism may be 
involved during the adsorption of arsenite onto the ZNP. The spectra also illustrate the 
absorption band from 3400 to 3600 cm−1 becomes smaller and the center shifts from 




3300 to 3230 cm-1, indicating -OH on the surface of the ZNP may be also involved in 
the arsenite adsorption.  
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Figure 5.5. FTIR spectra of virgin and arsenite-loaded ZNP. 
5.1.5.2 X-ray photoelectron spectroscopy 
The O 1s core level XPS spectrum of virgin ZNP can be decomposed into two 
peaks as illustrated in Figure 5.6a. The peaks with binding energy of 530.6 and 532.1 
eV are assigned to the O 1s in the forms of Zr-O and O-S, respectively. Compared 
with the spectrum of virgin ZNP, the O 1s core level XPS spectrum of arsenite-loaded 
ZNP can be deconvolved into three peaks with binding energy of 529.9, 530.9, and 
531.8 eV, which are assigned to the oxygen in the forms of S-O, As-O and Zr-O 
respectively (Figure 5.6b), confirming the loading of arsenite onto the surface of the 
ZNP. It is also found that the intensity of oxygen peaks in form of S-O reduces 
significantly after the adsorption, resulting from the release of sulfate into the solution 
during the adsorption.  
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Figure 5.7. Schematic diagram of adsorption mechanism of arsenite by the ZNP. 
From the above experimental results and spectroscopic analysis, a concept of 
mechanism for the uptake of arsenite by the ZNP can be deduced as shown in Figure 
5.7. The arsenite competes with sulfate for the active adsorption sites on the ZNP, and 
the uptake of arsenite onto the ZNP leads to the release of HSO4- from the ZNP. 
Because of this, a decrease of solution pH and an increase in the sulfate concentration 




can be observed. The adsorbed arsenite may form bidentate inner-sphere complexes 
on the surface of the ZNP.  
5.2 Methylated arsenic removal by the ZNP 
5.2.1 Adsorption isotherm 
The adsorption isotherm of MMA was conducted at pH 3.5 ± 0.1, the optimal pH 
for MMA adsorption onto the ZNP. Both Langmuir and Freundlich isotherm models 
were used to simulate the experimental adsorption isotherm data and the results are 
given in Figure 5.8 and Table 5.4. Langmuir model works better to fit the isotherm 
data with a higher correlation coefficient (r2 = 0.99), which implies that the MMA 
adsorption onto the ZNP is homogeneous. Based on Langmuir model, the maximum 
adsorption capacity of MMA onto the ZNP is determined as high as 107.25 mg-As/g-
sorbent, which is much higher than that of most materials reported in literatures. The 
adsorption capacities of typical adsorbents reported for MMA removal are 
summarized in Table 5.5. 
Table 5.4 Langmuir and Freundlich isotherm constants for adsorption of MMA onto 
the ZNP. 
Langmuir isotherm Freundlich isotherm 
qmax (mg/g) b(L/mg) r
2 K (mg
(1-1/n)L1/n/g) 1/n r2 
107.25 0.72 0.99 38.58 0.26 0.95 
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Figure 5.8. Adsorption isotherm of MMA onto the ZNP. Experiment conditions: the 
ZNP dosage = 0.5 g/L; solution pH = 3.5; contact time = 48 h. 
Table 5.5 Comparison of maximum MMA adsorption capacities of different 
adsorbents. 
Adsorbent Max. MMA adsorption capacity (mg-As/g) pH Ref. 
ZNP 107.25  3.5 Present study 
CTS-MG 15.4  3.4 (Wei et al., 2011) 
Magnetic sorbent 8.57  3-4 (Lim et al., 2009) 
Degussa P25 TiO2 6.45  6.5-7.2 (Xu et al., 2007) 
Iron filings 0.75  6 (Cheng et al., 2005) 
 
Compared with the adsorption of inorganic arsenate onto the ZNP (Ma et al., 
2011), it is found that substitution of hydroxyl by methyl group directly affects the 
adsorption behavior. The adsorption capacity of arsenate is nearly two times higher 
than that of MMA, which may be caused by the different molecular geometry as well 
as different spatial compatibility with surface active sites due to the presence of 
additional methyl group of MMA (Cheng et al., 2005; Ramesh et al., 2007).  




5.2.2 pH effect 
For the fractional species distribution of MMA and the surface properties of the 
ZNP may be influenced by solution pH, the effect of pH on the MMA uptake were 
performed in the pH range of 2-11. As shown in Figure 5.9a, the adsorption of MMA 
by the ZNP is strongly pH-dependent. At extremely acid situation, the adsorption of 
MMA increases with an increase in pH, and reaches a maximum uptake at pH 2.5-3.5; 
while the uptake of MMA decreases with a further increase in pH. Similar trends have 
been found for MMA adsorption onto a goethite (α-FeOOH) adsorbent (Zhang et al., 
2007c). The zirconium concentration in the solution was measured after MMA 
adsorption. It was shown that the level of zirconium was below the detection limit of 
ICP-OES. This indicates that the ZNP is stable in the experimental pH range and will 
not cause harmful effect to the treated water. 
Similar to the adsorption behavior of arsenite onto the ZNP, the adsorption of 
MMA may also associate with the species distribution of MMA and the surface 
charge density of the ZNP. MMA may dissociate into different species in the solution 
with different pH. The pK1 and pK2 of MMA are 4.1 and 8.7, respectively (Bednar et 
al., 2002). Based on the pK values of MMA, the fractional distribution of MMA 
species as a function of pH was calculated using MINEQL 4.5 (Schecher, 2002), and 
the results are illustrated in Figure 5.9a. At low pH values (< 2.85), the ZNP surfaces 
are protonated and positively charged, which enhances the adsorption of the 
negatively charged species. On the other hand, CH3HAsO3- gradually becomes the 
governing species as the increase of pH at low pH range. Hence, the uptake of MMA 
initially increases with an increase in pH at extremely acid condition until pH around 
3. Afterwards, the surface of the ZNP becomes negatively charged with further 




increase in solution pH, leading to a reduction in MMA adsorption. Thus, the 
electrostatic attraction might play an important role in the adsorption process of 
MMA.  




























































Figure 5.9 (a) Effect of pH on MMA species distribution and adsorption by the ZNP; 
(b) variation of solution pH before and after MMA adsorption. Experiment 
conditions: the ZNP dosage = 0.5 g/L; initial MMA concentration = 50 mg-As/L; 
contact time 48 h. 




In addition, another set of pH effect experiments were carried out, in which the pH 
of the solution was not maintained during the adsorption. The initial pH versus final 
pH is shown in Figure 5.9b. It is demonstrated that the final pH is significantly lower 
than the initial pH, which implies that hydrogen ions are dissociated from the ZNP 
during the adsorption process. 
5.2.3 Adsorption kinetics 
Figure 5.10a demonstrates the time profile of MMA adsorption by the ZNP. Most 
of the uptake of MMA rapidly occurs in the first 48 h, followed by a relatively slow 
process. The adsorption equilibrium can be obtained within 120 h, which is longer 
than that of the adsorption of inorganic arsenic. According to the previous study, the 
adsorption equilibrium time of inorganic arsenate and arsenite on the ZNP is 12 h and 
48 h, respectively (Ma et al., 2011). The lower adsorption rate of MMA than 
inorganic arsenate onto the ZNP might be due to the replacement of a hydroxyl group 
with a methyl group. If the adsorption mainly due to electrostatic interaction, the rate 
of adsorption will be very fast and be of the order of seconds (Pierce and Moore, 
1982). The uptake of MMA by the ZNP is of the order of hours, which implies that 
specific adsorption may occur between MMA and the ZNP. 
Table 5.6 Adsorption kinetics constants of MMA adsorption by the ZNP obtained by 
different models. 
Pseudo-first order model Pseudo-second order model 
K1 (1/h) qe (mg/g) r2 K2 ( (g/mg)/h) qe (mg/g) r2 
0.289 89.11 0.997 0.0002 118.85 0.994 
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Figure 5.10. Adsorption kinetics study of MMA adsorption onto the ZNP: (a) 
adsorption kinetics of MMA by the ZNP; (b) release of sulfate during the adsorption 
of MMA (inset graph: the relationship between the release of sulfate and the 
adsorption of MMA during the adsorption process). Experiment conditions: the ZNP 
dosage = 0.2 g/L; initial MMA concentration = 33 mg-As/L; solution pH = 3.5. 
To better understand the adsorption kinetics of MMA, pseudo-first order and 
pseudo-second order models were used to simulate the adsorption process. From 
Figure 5.10a and Table 5.6, it can be found that the adsorption kinetics data are well 
described by both pseudo-first order and pseudo-second order rate models.  




The sulfate concentration in the solution was also measured and the obtained 
results are demonstrated in the Figure 5.10b. It is found that the sulfate is released 
from the ZNP during the adsorption of MMA. A control experiment was carried out, 
in which the same amount of the ZNP was added into a water solution without MMA. 
As shown in Figure 5.10b, in the absence of MMA, the amount of sulfate released is 
much lower than that in the presence of MMA. This confirms the MMA adsorption 
results in the release of sulfate. Hence, it may be concluded that anion exchange is 
involved in the adsorption process (will be further confirmed by spectroscopic 
analysis). The adsorption of MMA as a function of sulfate released is plotted in 
Figure 5.10b. A positive linear relationship can be observed in the molar ration of 
[MMA]adsorbed/[SO42-]released = 1:2. 
5.2.4 Effect of ionic strength 
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Figure 5.11. Effect of ionic strength on MMA adsorption by the ZNP. Experiment 
conditions: the ZNP dosage = 0.2 g/L; initial MMA concentration = 33 mg-As/L; 
solution pH = 3.5; contact time = 48 h.  




The results of ionic strength effect study on the adsorption of MMA by the ZNP 
are shown in Figure 5.11. It is found that the increase in ionic strength from 0 to 0.05 
M slightly enhances the adsorption of MMA onto the ZNP. The result is indicative of 
an inner-sphere complex adsorption mechanism for uptake of MMA by the ZNP 
which is the same as the adsorption behavior of inorganic arsenic. A similar 
phenomenon was reported by Zhang et al. (2007c), in which the adsorption of MMA 
on goethite (α-FeOOH) was studied. 






































































Figure 5.12. Effects of phosphate, carbonate, fluoride and HA on the adsorption of 
MMA by the ZNP. Experiment conditions: the ZNP dosage = 0.5 g/L; initial MMA 
concentration = 70 mg-As/L; solution pH = 3.5; contact time = 48 h. 
MMA in contaminated water is usually accompanied with different substances, 
which may leads to compete with MMA for the available active sites on the adsorbent. 
Hence, it is important to investigate the potential influence of coexisting substances 
on MMA adsorption. To obtain a better understanding on application of the ZNP for 




MMA removal from natural aquatic environment, the potential influence of the NOM, 
represented by HA, and three typical anions including bicarbonate, fluoride and 
phosphate, on the adsorption of MMA was investigated in the study. It should be 
noted that the concentrations of coexisting anions prepared are referred to their actual 
concentration level in natural environment and calculated by the molar weight of 
target atoms. It should be noted that the concentrations of coexisting anions prepared 
are based on their actual concentration levels in natural environment and calculated by 
the molar weight of target atoms (Tyrovola et al., 2006).  
As shown in Figure 5.12, the presence of 0-10 mg/L HA doesn’t obviously 
influence the adsorption of MMA. It demonstrates that the ZNP can be used for 
efficient removal of MMA from aqueous solution containing NOM, like HA. The 
existence of fluoride or bicarbonate decreases the adsorption of MMA onto the ZNP. 
This may be due to that the fluoride and bicarbonate compete for the adsorption sites 
on the surface of the ZNP. However, the MMA uptake is enhanced by the presence of 
phosphate. Formation of a ternary surface complex by MMA, phosphate and the ZNP 
is a possible mechanism enhancing the adsorption of MMA by the ZNP. It was 
reported that the presence of small amount of Zn2+ significantly enhanced the 
adsorption of both arsenate and arsenite to magnetite nanoparticles (Yang et al., 
2010). Formation of a ternary surface complex by zinc, arsenic and magnetite 
nanoparticles was proposed as possible mechanism for the enhanced uptake of 
arsenic.  
5.2.6 Spectroscopic analysis 
The interactions between MMA and the ZNP were explored using FTIR and XPS. 
The obtained results are illustrated in Figures 5.13 to 5.15. 




5.2.6.1 Fourier transform infrared spectroscopy 
Figure 5.13 shows that a broad and strong absorption band in the range of wave 
number of 3400-3600 cm-1 corresponding to the O-H stretching vibration can be 
observed, which indicates the presence of hydroxyl group on the surface of the ZNP. 
The sharp peak at 1630 cm-1 could be due to the existence of water of hydration, 
which is consistent with the band at 3400-3600 cm-1. Peak at 1120 cm-1 can be 
assigned to SO42−, due to the existence of sulfate functional groups on the ZNP.  
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Figure 5.13. FTIR spectra of the ZNP before and after MMA adsorption. 
Compared with the FTIR spectrum of virgin ZNP, a new band at the wave number 
of 820 cm-1 appears markedly in the spectrum of MMA-loaded ZNP. The new 
absorption band should be assigned to the symmetric and asymmetric stretching 
vibration of As-O bond (Depalma et al., 2008). This indicates the loading of MMA on 
the ZNP. After adsorption, the significant reduction of absorption peak intensity at 
1120 cm-1 indicates the content of SO42− in the ZNP reduces obviously. An anion 
exchange mechanism may be involved during the adsorption of MMA by the ZNP, 




which is consistent with the results from kinetics study. The spectrum also shows the 
absorption band from 3400 to 3600 cm−1 becomes smaller, indicating that -OH on the 
surface of the ZNP may also be involved in the MMA adsorption.  
5.2.6.2 X-ray photoelectron spectroscopy 






































Figure 5.14. Wide scan XPS spectra of (a) virgin ZNP, (b) MMA-loaded ZNP. 
 




Table 5.7 Change of surface atomic concentration of the ZNP. 
Atomic con. (%) As 3d S 2p Zr 3d Cl 2p C 1s O 1s 
Virgin ZNP 0 8.46 14.26 1.00 0 78.28 
As-loaded ZNP 8.53 2.55 13.90 0 10.80 64.22 
 
The wide scan XPS spectra of virgin and MMA-loaded ZNP are shown in Figure 
5.14 and the change of surface atomic concentration of the ZNP are summarized in 
Table 5.7. The characteristic peaks of Zr, S and O are present in the wide scan XPS 
spectrum of the virgin ZNP. While three characteristic peaks of As, i.e. As 3d, As 3p 
and As LMM, can be observed after adsorption. Furthermore, the peak assigned to S 
2p disappears in the spectrum of the MMA-loaded ZNP, which further implies that 
sulfur-containing groups might be replaced by the MMA during the adsorption 
process.  
As illustrated in Figure 5.15a, the high resolution scan of O 1s spectrum of virgin 
ZNP can be decomposed into two component peaks with binding energy of 530.6 and 
532.1 eV, respectively, which can be assigned to the O 1s in the forms of Zr-O and O-
S. Compared with the spectrum of virgin ZNP, a new component peak with binding 
energy of 531.1 eV is identified in the spectrum of the ZNP after adsorption of MMA, 
which can be assigned to As-O as illustrated in Figure 5.15b. It is found that the 
intensity of oxygen peaks in form of O-S decreases significantly after the adsorption, 
which is corresponding to the disappearance of S 2p in the wide scan spectra. These 
indicate that sulfur-containing groups play important roles in the uptake of MMA.  
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Figure 5.15. High resolution XPS spectra of virgin and MMA-loaded ZNP (a) O 1s 
core-level spectrum of the virgin ZNP; (b) O 1s core-level spectrum of the MMA-
loaded ZNP; (c) Zr 3d core-level spectrum of the virgin ZNP and (d) Zr 3d core-level 
spectrum of the MMA-loaded ZNP. 




The high resolution scan spectra of Zr 3d of the ZNP before and after MMA 
adsorption are demonstrated in Figures 5.15c & d. The spectra show that the shift of 
binding energies of Zr may be due to the replacement of sulfate on the surface of the 
ZNP with MMA. Compared with sulfur, the arsenic atom is less electro-negativity 
and attracts fewer electrons from the ZNP. Hence, the binding energies of Zr are 
shifted to lower after the adsorption of MMA. 
 
Figure 5.16. Schematic diagram of adsorption mechanism of MMA by the ZNP. 
A reasonable adsorption mechanism of MMA by the ZNP was deduced according 
to the above experimental results and analysis and the schematic diagram is shown in 
Figure 5.16. The removal of MMA by the ZNP might be responsible to the anion 
exchange of CH3HAsO3
- ion with the HSO4
- ion during the adsorption process. The 
release of HSO4
-
 results in an increase in the sulfate concentration and a decrease in 
pH. The adsorbed MMA forms inner-sphere complexes on the surface of the ZNP. 
5.3 Chapter summary 
The adsorption of arsenite and MMA by the ZNP were investigated in detail and 
the adsorption mechanism was fully understood using FTIR and XPS analysis. The 




maximum adsorption capacity of arsenite and MMA by the ZNP was 138.75 and 
107.25 mg-As/g, respectively, much higher than most reported adsorbents. The 
adsorption processes of arsenite and MMA were highly pH dependent. As affected by 
the fractional species distribution of arsenic and the surface properties of the ZNP, the 
maximum adsorption capacity of arsenite and MMA was respectively obtained at pH 
8 and 3, respectively. It was found that the faster kinetics equilibrium of inorganic 
arsenic can be reached than that of organoarsenic. The adsorption equilibrium of 
arsenite and MMA onto ZNP was obtained within 48 h and 120 h, respectively. The 
adsorption of either arsenite or MMA by the ZNP was not significantly affected by 
background ionic strength, indicating the adsorption process was mainly governed by 
inner-sphere complex adsorption mechanism. The presence of bicarbonate decreased 
the uptake of arsenite, while the presence of fluoride or bicarbonate decreased the 
adsorption of MMA onto the ZNP due to the competitive adsorption. It was noticed 
that the MMA uptake was enhanced by the presence of phosphate due to the possible 
formation of a ternary surface complex by MMA, phosphate and the ZNP. The batch 
experiments and spectrum analysis showed that an ion exchange process was involved 
in the adsorption of arsenite and MMA in which the arsenic ions competed with 
sulfate for the active adsorption sites on the ZNP. During the adsorption, HSO4
- was 
released from the ZNP causing the reduction of solution pH. 





CHARACTERIZATION AND APPLICATION OF 
PSF/YTTRIUM FERRIC BINARY NANOPARTICLES 
BLEND FLAT SHEET MEMBRANE 
In this chapter, in order to obtain an adsorptive membrane for arsenic removal, five 
flat sheet membranes blended with the yttrium ferric binary nanoparticles (YFNP) 
were prepared as the method described in Chapter 3. The effect of the YFNP loading 
on the morphology and properties of the membranes was studied in terms of pure 
water flux (PWF), porosity, contact angle and mechanical strength, respectively. The 
adsorption performance of the PSF/YFNP blend flat sheet membranes (YFNP-BFSM) 
for arsenate removal was evaluated under both batch mode and continuous filtration 
mode. 
6.1 Effect of the YFNP loading on the membrane properties 
6.1.1 Morphological study 
The morphology of the top surface (i.e. the side of the membrane direct contact 
with the influent water) and cross-section of the PSF/YFNP blend flat sheet 
membranes with different YFNP loading was studied by Field emission scanning 
electron microscope (FESEM) and obtained results are shown in Figure 6.1 and 6.2, 
respectively. It demonstrates that the structures of the membranes are significantly 
affected by the presence of the YFNP.  
Figure 6.1 shows that there is a dense surface in the pure PSF membrane (YFNP-
BFSM0) with the pore size of about dozens of nanometers. After blending the YFNP 




into the membrane, aggregated YFNP and larger pores could be observed on the top 
surface. The membranes retaining larger surface pore size and higher porosity will be 
beneficial for the enhanced permeability. The porosity and permeability of the 
membranes will be tested to further evaluate the effect of the YFNP loading.  
 
Figure 6.1. FESEM images of top surface of PSF/YFNP blend flat sheet membranes. 





Figure 6.2. FESEM images of cross sections of PSF/YFNP blend flat sheet 
membranes. 
The cross-sectional morphology of the membranes is shown in Figure 6.2. It can be 
observed that the membranes have the typical asymmetric structure consisting of a 








skin layer acts as a separation layer and the support layer provides the mechanical 
strength. In the sub-layer, finger-like cavities are beneath the top surface and sponge-
like macrovoids can be found near the bottom of the sub-layer. With the increase of 
the dosage of the YFNP, the finger-like cavities are decreased and the macrovoids 
become prominent in the membrane structure. This change can lead to larger porosity 
of the membranes. The similar effect of the nanoparticles additive on the membrane 
structure is also observed by many other researchers (He et al., 2014; Zhao et al., 
2011; Zheng et al., 2011).  
The effect of the YFNP loading may be induced by the following reasons. Firstly, 
the thermodynamic and physical properties of casting solution may be changed by the 
addition of the YFNP (e.g., viscosity and hydrophilicity). As listed in Table 3.1, the 
viscosities of the casting solution drastically increase with the increase in dosage of 
the YFNP. Theoretically, higher viscosity of the casting solution would decrease the 
miscibility between the casting solution and the nonsolvent (e.g. water), which results 
in a delayed demixing between solvent and nonsolvent. Thus, the phase-separation 
kinetics is blocked (Yeow et al., 2004). However, on the other hand, as the YFNP are 
hydrophilic, the addition of YFNP would improve the hydrophilicity and decreases 
the nonsolvent tolerance of the casting solution, which would enhance the demixing 
rate of the casting solution thermodynamically (Bakeri et al., 2011; Han and Nam, 
2002). Based on the obtained results in this case, the effect of the hydrophilicity of the 
membrane plays a major role in the increase of macrovoids formed in the PSF/YFNP 
blend flat sheet membranes. Furthermore, during the phase separation, the YFNP 
would spontaneously migrate to the phase interface to minimize the interfacial energy, 
which may induce the formation of macrovoids in the sub-layer of membrane and the 




aggregation of particles near the top layer. A small portion of the YFNP located near 
the surface of the casting film might diffuse into the coagulation bath in which the 
pore size on the membrane surface is increased. This result has been proved by the 
FESEM images in Figure 6.1.  
6.1.2 Hydrophilicity and porosity of the YFNP-BFSMs 
To further investigate the effect of YFNP loading on the membrane properties, two 
important parameters for membrane separation process, hydrophilicity and porosity, 
which could affect membrane separation process in the form of changing the 
morphology and the PWF of membranes, were studied. The water contact angle and 
porosity of the different membranes is given in Table 6.1.  
Table 6.1 Contact angle and porosity of the PSF/YFNP blend flat sheet membranes. 
Membrane type Contact angle (°) Porosity (%) 
YFNP-BFSM0 73 57.36 
YFNP-BFSM 0.5 69 57.40 
YFNP-BFSM1.0 66 61.60 
YFNP-BFSM1.5 58 67.07 
YFNP -BFSM2.0 44 71.35 
 
As shown in Table 6.1, the contact angle decreases from 73° (YFNP-BFSM0) to 
44° (YFNP-BFSM2.0) with an increase in the YFNP loading in the membranes. A 
higher contact angle demonstrates a less hydrophilic surface of membrane. Since the 
YFNP are hydrophilic, it can be observed that more addition of the YFNP causes the 
membrane more hydrophilic. Similar phenomena were observed by other researchers. 
Ma et al. (2012b) reported that contact angle decreased with increase of the clay 




content, which indicated the enhancement of the surface hydrophilicity of the 
PSF/clay nanocomposite membranes. 
The porosity of PSF/YFNP blend flat sheet membranes with different YFNP 
contents shows that porosity increases from 57.36% (YFNP-BFSM0) to 71.35% 
(YFNP-BFSM2.0), which is consistent with the observation of the FESEM images. 
As discussed above, the addition of the hydrophilic YFNP induces more macrovoids 
formed in the structures of membrane thus increases the porosity significantly.  
6.1.3 Pure water flux of the YFNP-BFSMs 
The pure water flux (PWF) of the membranes is given in Table 6.2. One can see 
the flux remarkably increases with the increase of the YFNP loading. This is likely 
due to the fact that the flat sheet membranes with more YFNP embedded would have 
larger surface pore size and higher porosity.  
Table 6.2 PWF of the PSF/YFNP blend flat sheet membranes. 
Type of membrane Pure water flux (L/m2·h·bar) 
YFNP-BFSM0 93.96 
YFNP-BFSM 0.5 186.93 
YFNP-BFSM1.0 409.10 
YFNP-BFSM1.5 579.04 
YFNP -BFSM2.0 659.36 
 
Generally, PWF of the membrane is mainly governed by the property of membrane 
porosity. The increase in surface pore would also enhance the water flux. As shown in 
FESEM images, more and larger pores in both top surface and the support layer of 
membrane can be observed with the increase of the YFNP loading. In addition, PWF 




may be improved by the enhancement of membrane hydrophilicity. As a result, the 
resistance of water permeating through the membranes is weakened. This is consistent 
with the findings in the literature. Several studies affirmed that the addition of 
hydrophilic inorganic nanoparticles into the membrane could enhance the 
performance in pure water flux as the hydrophilicity was improved (Genné et al., 
1996; Yan et al., 2006; Zhao et al., 2007). The enhancement of PWF indicates a lower 
operation pressure is required and the power consumption and costs will be reduced 
during application. 
6.1.4 Mechanical properties of the YFNP-BFSMs 
Tensile strength and elongation at break are usually used to describe the 
mechanical properties of membranes. As shown in Figure 6.3, it can be found that 
with an increase in the YFNP loading, the tensile strength at break decreases from 
2.23 MPa (YFNP-BFSM0) to 1.68 MPa (YFNP-BFSM2.0). Accordingly, elongation 
at break of membrane decreases from 26.64% (YFNP-BFSM0) to 11.19% (YFNP-
BFSM2.0). It indicates the addition of the YFNP decreases the membrane mechanical 
property. Similar phenomenon was observed by other studies (He et al., 2014; Ma et 
al., 2012a; Ma et al., 2012b). This may be due to the large porosity and loose structure 
caused by the loading of nanoparticles in the membrane.  























































































Figure 6.3. Tensile strength (a) and elongation at break (b) of the PSF/YFNP blend 
flat sheet membranes. 
6.2 Application for arsenic removal 
6.2.1 Batch adsorption experiments  
6.2.1.1 Adsorption isotherm  
The adsorption isotherms of the YFNP and the PSF/YFNP blend flat sheet 
membranes are shown in Figure 6.4. Both Langmuir model and Freundlich model 




were used to examine the mechanism of the adsorption process (Allen et al., 2004). 
The related isotherm constants are listed in Table 6.3. 
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Figure 6.4. Adsorption isotherms of arsenate onto the YFNP and the PSF/YFNP blend 
flat sheet membranes. Experiment conditions: adsorbent dosage = 0.4 g/L; solution 
pH = 4; contact time = 48 h. 
Table 6.3 Langmuir and Freundlich isotherm constants for adsorption of arsenate onto 
the YFNP and the PSF/YFNP blend flat sheet membranes. 
Adsorbent Langmuir isotherm Freundlich isotherm 
 qmax  (mg/g) 
b  
(L/mg) r
2  K  (mg(1-1/n)L1/n/g) 1/n r
2 
YFNP 401.82 1.498 0.974 203.45 0.189 0.901 
YFNP-BFSM2.0 229.77 12.216 0.862 147.21 0.151 0.794 
YFNP-BFSM1.5 164.60 16.451 0.738 112.18 0.120 0.721 
YFNP-BFSM1.0 137.74 1.171 0.929 65.91 0.201 0.916 
YFNP-BFSM0.5 97.83 0.133 0.892 28.20 0.271 0.794 
 
As shown in Figure 6.4 and Table 6.3, all of the experimental data of the different 
tested adsorptive materials are better fitted with Langmuir model. The maximum 




adsorption capacity of arsenate onto the YFNP-BFSM2.0 membrane is as high as 
229.77 mg-As/g. In comparison with other reported studies, such as a PVDF/zirconia 
blend flat sheet membrane with a maximum adsorption capacity of 21.5 mg-As/g, this 
new blending membrane has remarkable adsorption performance of arsenate owing to 
the outstanding adsorption capacity of the added YFNP (Zheng et al., 2011). This 
value is even higher than many other adsorbents such as iron oxide coated sand, 
titanium oxide, and iron (III) loaded chelating resin (Mohan and Pittman Jr, 2007). 
Thus, the YFNP-BFSM2.0 is chosen for the subsequent experiments. 
6.2.1.2 Adsorption kinetics 
The adsorption kinetics study was conducted at pH 4 which is the optimum pH for 
arsenate removal by the YFNP. In the experiment, as shown in Figure 6.5, most of 
arsenate adsorption by the YFNP-BFSM2.0 rapidly occurs in the first 12 h, then the 
adsorption process slows down and the adsorption equilibrium can be obtained in 24 h. 
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Figure 6.5. Adsorption kinetics study of arsenate onto the YFNP-BFSM2.0. 
Experiment conditions: the YFNP-BFSM2.0 dosage = 0.3 g/L; initial arsenate 
concentration = 100 mg/L; solution pH = 4. 




The adsorption kinetics data can be further analyzed by the pseudo-first order and 
the pseudo-second order model. As shown in Figure 6.5, both of the pseudo-first order 
and the pseudo-second order model curve can fit the experimental data well. Based on 
the kinetics constants listed in Table 6.4, pseudo-second order model with the 
correlation coefficient (r2) value of 0.996 can be applied to describe the adsorption 
process. The adsorption process might be considered as chemisorption (Zeng et al., 
2008). The result is consistent with the kinetics study of arsenate adsorption by the 
YFNP. 
Table 6.4 Adsorption kinetics constants of arsenate uptake on the YFNP obtained by 
different models. 
Pseudo-first order model Pseudo-second order model 
K1 (1/h) qe (mg/g) r2 K2 ((g/mg)/h) qe (mg/g) r2 
0.207 238.55 0.995 0.0009 276.05 0.996 
 
6.2.1.3 Effect of ionic strength 
Since the ionic strength in natural water may vary a lot and affect the adsorption 
performance of the materials. The effect of the ionic strength on the adsorption of 
arsenate onto the YFNP-BFSM2.0 was studied and the result is shown in Figure 6.6. 
It is found that the adsorption of arsenate is not changed significantly as the ionic 
strength increases from 0 to 0.1 M. In other words, the increasing ionic strength has 
fewer tendencies to affect the formed strongly bonding complexes. The result 
indicates that the adsorption process is belonging to the inner-sphere complex 
mechanism, which is consistent with the result of the adsorption behavior of the 
YFNP.  
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Figure 6.6. Effect of ionic strength on arsenate adsorption by the YFNP-BFSM2.0. 
Experiment conditions: the YFNP-BFSM2.0 dosage = 0.15 g/L; initial arsenate 
concentration = 50 mg-As/L; solution pH = 7; contact time = 48 h. 
6.2.1.4 Effects of coexisting substances 
Natural organic matter (NOM) and several commonly present anions such as 
silicate, sulfate, phosphate, bicarbonate and fluoride may affect the surface property 
of the adsorbent and compete with the active sites. The effect of coexisting substances 
on the uptake of arsenate by the YFNP-BFSM2.0 was investigated in different 
concentrations (0, 0.1, 1 and 10 mM) and the result is shown in Figure 6.7. In this 
study, humic acid (HA) is chosen as the representative of NOM with the 
concentration of 0, 1, 5 and 10 mg/L. As one can see only a slightly negative effect on 
arsenate uptake occurs in the presence of silicate, sulfate, bicarbonate and humic acid. 
However, the existence of phosphate has the most significant impact on the 
adsorption of arsenate. The uptake of arsenate is also hindered by the presence of 
fluoride under its high concentration in the solution. The finding is consistent with the 
study of adsorption process by the YFNP. The reason of the decreased adsorption 




capacity might be due to the strong competition of the phosphate and fluoride anions 












































































Figure 6.7. Effects of silicate, sulfate, bicarbonate, phosphate, fluoride and HA on the 
adsorption of arsenate by the YFNP-BFSM2.0. Experiment conditions: the YFNP-
BFSM2.0 dosage = 0.3 g/L; initial arsenate concentration = 100 mg-As/L; solution 
pH = 7; contact time = 48 h. 
6.2.2 Continuous filtration experiment  
Continuous dead-end filtration studies were performed at different influent solution 
pH. As shown in Figure 6.8a & b, the filtration performance of the YFNP-BFSM2.0 is 
not affected by the different influent pH and the effluent pH remains the same. Note 
that the arsenate concentration in the effluent solution could maintain below the 
maximum contaminant level (MCL = 10 µg/L) when the volume of the treated 
solution is less than 12 L. The related adsorption capacity at breakthrough point 
(when the effluent concentration is 10 µg/L) is around 910 mg-As/m2. The obtained 
water flow rate is about 4.8 mL/min with the membrane effective area of 12.56 cm2 
while the operation pressure is only 5 psi (0.345 bars). This means, for the arsenate 




contaminated water with arsenate concentration of 100 µg-As/L, 1 m2 of the YFNP-
BFSM2.0 membrane can be used to successfully treat nearly 9500 L arsenic 
contaminated water under a very low pressure. 


















































Figure 6.8. Filtration experiment on arsenate removal by the YFNP-BFSM2.0 with 
different influent pH: (a) at pH 7; (b) at pH 4. Experiment conditions: the weight of 
YFNP-BFSM2.0 = 0.09 g; effective area = 12.56 cm2; initial arsenate concentration = 
100 µg-As/L; pressure = 5 psi (0.345 bars); flux = 659 L/ m2·h·bar.  




6.3 Chapter summary 
Five different PSF/YFNP blend flat sheet membranes (YFNP-BFSM0, YFNP-
BFSM0.5, YFNP-BFSM1.0, YFNP-BFSM1.5 and YFNP-BFSM2.0) with different 
YFNP loading were fabricated by phase inversion method. The structure of the 
membrane was significantly affected by the addition of the YFNP. It should be 
noticed that most of the YFNP emerged near the top surface of the membrane as 
observed from FESEM images. It was also found that the hydrophilicity, porosity and 
PWF of the membrane were improved with the increase of the YFNP loading. The 
adsorption isotherm study showed that the maximum adsorption capacity of arsenate 
onto the YFNP-BFSM2.0 was as high as 229.77 mg-As/g at pH 4. A rapid adsorption 
occurred in the first 12 h and the adsorption equilibrium could be obtained within 24 h. 
The experimental data could be better fitted with the pseudo-second order model. The 
adsorption of arsenate was found to be independent on the background electrolyte 
concentration. However, the presence of fluoride and phosphate hindered the 
adsorption of arsenate. In the continuous dead-end filtration study, filtration 
performance was not significantly affected by the influent pH. The adsorption 
capacity at breakthrough point could reach around 910 mg-As/m2. 
 





CHARACTERIZATION AND APPLICATION OF 
PSF/ZIRCONIUM BASED NANOPARTICLES 
BLEND FLAT SHEET MEMBRANES 
In the last chapter, the properties and adsorption performance of the PSF/YFNP 
blend flat sheet membranes (YFNP-BFSM) were studied. It was found lots of the 
yttrium ferric binary nanoparticles (YFNP) emerged near the top surface of the 
membrane due to the high hydrophilicity of the YFNP. This structure is not favorable 
to the practical application of the membrane because the particles on the top surface 
might be detached during the back-washing process. In this chapter, in order to obtain 
a more stable membrane with relatively high arsenic adsorption capacity, the 
zirconium based nanoparticles (ZNP) were chosen to be embedded into the membrane. 
The morphology and properties of the PSF/ZNP blend flat sheet membranes (ZNP-
BFSM) were studied. The adsorption of arsenate (As(V)), methylarsonic acid (MMA) 
and dimethylarsinic acid (DMA) by the ZNP-BFSM was studied by a series of batch 
experiments and filtration experiment. The mechanism was studied by X-ray 
photoelectron spectroscopy (XPS) analysis as well. 
7.1 Effect of the ZNP loading on the membrane properties  
7.1.1 Morphological study  
Field emission scanning electron microscope (FESEM) analysis was used to study 
the membrane morphology and the images of the top surface (skin layer) and cross-
section of membranes with different ZNP loading are shown in Figures 7.1 & 7.2, 




respectively. Similar to the YFNP blend flat sheet membrane, the structures of the 
membranes are also significantly affected by the presence of the ZNP.  
As shown in Figure 7.1, a relatively dense and smooth top surface is formed in the 
pure PSF (ZNP-BFSM0) membrane. Accumulation of the ZNP can be observed and 
more particles emerge on the top surface with the increase of the ZNP dosage. During 
the preparation of the blend membranes, it can be observed that some ZNP move to 
the top surface due to the high hydrophilicity of the ZNP. 
The FESEM images of the membrane cross-section are shown in Figure 7.2. A 
typical asymmetric structure can be observed in all the membranes. With the increase 
of the ZNP loading, the finger-like pores formed near the top surface layer gradually 
decrease and even disappear, while irregular macrovoids become dominant in the 
whole cross-sectional structure of the membrane. This change would enhance the 
porosity of the membranes. The similar phenomenon was also observed in the 
development of the ZNP-embedded hollow fiber membrane (HFM) and other 
blending membranes (He et al., 2014; Zhao et al., 2011; Zheng et al., 2011). As 
discussed in Section 6.1.1, the changes of the viscosity of the casting solution and the 
hydrophilicity of membrane caused by the addition of the inorganic nanoparticles may 
lead to the structure change of the membrane. Based on the viscosity of the different 
casting solutions listed in Table 3.2, the hydrophilicity of the ZNP is considered to 
play a major role in the structure of membrane, which can enhance the nonsolvent (DI 
water) to diffuse into the casting film. Some ZNP can be observed on the top surface 
of the membranes and the amount is obviously increased with the increase of ZNP 
loading. A small portion of the ZNP may move to the top surface even diffuse into 
water during the membrane preparation process in which the porosity and pore size on 




the top layer are increased. In comparison with the YFNP-BFSM, there is still a large 
portion of the ZNP would still stay in the membranes matrix as shown in Figure 7.2. 
The more uniform distribution of adsorptive particles in the whole membrane can 
ensure the stability of the membrane and eliminate the particle loss especially after 
backwashing process. It also indicates the ZNP is more suitable than the YFNP to be 
used in the preparation of blend flat sheet membrane and applied in actual application. 
 
Figure 7.1. FESEM images of top surface of the PSF/ZNP blend flat sheet 
membranes. 





Figure 7.2. FESEM images of cross-section of the PSF/ZNP blend flat sheet 
membranes. 
The atomic force microscope (AFM) tests were conducted to further examine the 
surface topology of the membranes. Figure 7.3 shows the surface roughness of the 
membranes increases with the increasing dosage of the ZNP. The color intensity 
represents the vertical profile of the membrane. In the images, the lightest area 
presents the highest point and the dark area is the depressions. Higher roughness of 
membrane surface can be observed when higher loading of ZNP is applied during the 
membrane preparation. This is consistent with the observation of the top surface of 
membranes by FESEM image. More ZNP located on the membrane surface would 
increase the surface roughness. Furthermore, during the phase separation, a small 




portion of the ZNP near the surface of the casting film might diffuse into the 









Figure 7.3. AFM images of the PSF/ZNP blend flat sheet membranes. 
7.1.2 Hydrophilicity and porosity of the ZNP-BFSMs 
The hydrophilicity and porosity of the membrane were also tested to evaluate the 
effect of the ZNP on the membrane prosperity. The contact angle of the different 
PSF/ZNP blend flat sheet membranes as the indicator of the hydrophilicity was tested 
and the data is listed in Table 7.1. Generally, a higher value of contact angle 
demonstrates the membrane is less hydrophilic. It is found that the contact angle 
decreases from 64° (ZNP-BFSM0) to 58.2° (ZNP-BFSM3), indicating the 
hydrophilicity of the membrane is improved by the loading of the ZNP. This result is 
similar to that of YFNP membrane and other membrane blending with hydrophilic 
particles studied by other researchers (He et al., 2014; Ma et al., 2012b). 
The porosity of the membranes with different ZNP contents is shown in Table 7.1. 
The result shows that the porosity increases from 38% (ZNP-BFSM0) to 60% (ZNP-
BFSM3) which is in agreement with the observation of FESEM images. This may be 
mainly due to the increasing macrovoids formed in the structures of membrane caused 
by the addition of the hydrophilic nanoparticles. He et al. (2014) also found that the 




porosity of the ZNP embedded HFM increased with the increase of the ZNP loading. 
However the extent of the porosity increased in the ZNP embedded HFM was not as 
large as the ZNP-BFSMs. As discussed above, during the phase separation, the ZNP 
would migrate to the phase interface and diffuse into the coagulation bath resulting in 
the remarkable increase of membrane porosity and surface pore size. 
Table 7.1 Contact angle and porosity of PSF/ZNP blend flat sheet membranes. 
Membrane type Contact angle (°) Porosity (%) 
ZNP-BFSM0 64.0 38.36 
ZNP-BFSM1 58.3 59.16 
ZNP-BFSM2 58.2 58.52 
ZNP-BFSM3 58.2 60.28 
 
7.1.3 Pure water flux of the ZNP-BFSMs 
Based on the analysis of porosity and hydrophilicity, it is expected that the pure 
water flux (PWF) of the membranes will also be significantly enhanced. As illustrated 
in Table 7.2, the flux is remarkably increased with the increase of the ZNP loading. 
According to the above analysis after loading of the ZNP, more hydrophilic surface, 
larger surface pore size and higher porosity are responsible to the increase of PWF. 
Similar result can be obtained by other researchers (Genné et al., 1996; Yan et al., 
2006; Zhao et al., 2007). 
Moreover, it is worthwhile to note that the PWF of the ZNP-BFSM3 is 644.41 
L/m2·h·bar which is much higher than that of the ZNP embedded HFM (He et al., 
2014). The special structure of the hollow fiber membrane is considered as the main 
reason to cause this difference. There are two dense skin layers existing both in the 




inner and outer surface of the ZNP embedded HFM whereas there is only one skin 
layer on the top of flat sheet membrane. Since the membrane permeability is mainly 
governed by the dense skin layer, the resistant of water passing through the blend flat 
sheet membrane should be much lower than that of the ZNP embedded HFM. 
Consequently, the PWF becomes much larger. 
Table 7.2. Pure water flux of the PSF/ZNP blend flat sheet membranes. 






7.1.4 Mechanical properties of the ZNP-BFSMs 
Tensile strength and elongation at break are usually used to describe the 
mechanical properties of membranes. As shown in Figure 7.4, it can be found that 
with an increase in the ZNP loading, the tensile strength at break decreased from 2.50 
MPa for the ZNP-BFSM0 to 2.02 MPa for the ZNP-BFSM3. Accordingly, elongation 
at break of membrane decreases from 26.55 % for the ZNP-BFSM0 to 10.61 % for 
the ZNP-BFSM3. The results are similar to that of YFNP membrane and other studies 
(He et al., 2014; Ma et al., 2012a; Ma et al., 2012b). The dispersion of the ZNP in the 
membranes can significantly increase the porosity thus the strength of the membranes 
is weakened at some extent. 



















































Figure 7.4.  Tensile strength (a) and elongation at break (b) of the PSF/ZNP blend flat 
sheet membranes. 
7.2 Application for arsenic removal 
7.2.1 Batch adsorption experiments for arsenate removal 
7.2.1.1 Adsorption isotherms 
The adsorption isotherms of the ZNP and the PSF/ZNP blend flat sheet membranes 
are shown in Figure 7.5. Both Langmuir model and Freundlich model were used to 




examine the mechanism of the adsorption process (Allen et al., 2004) and the related 
isotherm constants are listed in Table 7.3.  
As shown in Figure 7.5 and Table 7.3, the experimental data is better fit with 
Langmuir isotherm model. The maximum adsorption capacity of arsenate onto the 
ZNP-BFSM3 membrane is as high as 119.63 mg-As/g. Compared with other 
adsorptive membranes and conventional adsorbents, the outstanding adsorption 
performance of the membrane shows it can be widely used as a promising alternative 
in the arsenic removal from water (Mohan and Pittman Jr, 2007; Zheng et al., 2011). 
Thus the ZNP-BFSM3 was chosen for the subsequent experiments. However, the 
maximum adsorption capacity for the ZNP embedded HFM with the ratio between the 
ZNP and PSF of 1.5: 1 was found as 120.15 mg-As/g. This could further confirm a 
certain loss of the ZNP occurs during phase inversion process.  
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Figure 7.5. Adsorption isotherms of the ZNP and the PSF/ZNP blend flat sheet 
membranes. Experiment conditions: adsorbent dosage = 0.5 g/L; solution pH = 3.5; 
contact time = 48 h. 




Table 7.3 Langmuir and Freundlich isotherm constants for adsorption of arsenate onto 
the ZNP and the PSF/ZNP blend flat sheet membranes. 










ZNP 240.30 1.204 0.936 130.35 0.167 0.932 
ZNP-BFSM3 119.63 0.449 0.975 48.53 0.246 0.932 
ZNP-BFSM2 44.90 0.951 0.934 24.37 0.158 0.666 
ZNP-BFSM1 13.38 1.994 0.344 11.01 0.0446 0.041 
 
7.2.1.2 pH effect 
Figure 7.6 shows the effect of pH on the arsenate adsorption onto the ZNP and the 
ZNP-BFSM3. The optimal arsenate adsorption is obtained at pH 4 for both ZNP and 
ZNP-BFSM3. It is worthwhile to note that the ZNP-BFSM3 can maintain relatively 
high adsorption capacity over a wider pH range than the ZNP. In particular, the ZNP-
BFSM3 even exhibits higher adsorption capacity than the ZNP at pH > 6 (about 50 
mg-As/g in the pH range of 4-9), while for the ZNP, a sharp decline of the adsorption 
capacity can be seen at pH > 4 and the adsorption capacity of the ZNP is only about 
10 mg-As/g at neutral pH. This buffering effect of the membrane matrix is also 
observed on the ZNP embedded HFM (He et al., 2014). The reason for this change 
may be due to the surface properties of the ZNP, such as the point of zero charge 
(pHPZC), is changed by the polymer. The findings indicate that the preparation of 
blend membrane can significantly improve the application value of the ZNP as the 
prepared blend membrane can be used to remove arsenic over a much wider pH 
range. 
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Figure 7.6. Effect of pH on the adsorption of arsenate onto the ZNP and the ZNP-
BFSM3. Experiment conditions: adsorbent dosage = 0.5 g/L; contact time = 48 h. 
Furthermore, the change of total organic carbon (TOC) before and after the 
addition of membrane was also measured. No obvious difference in the TOC values 
indicates that organic leaching is negligible during the operation process. The 
membrane is highly stable even under an extremely acidic and alkaline condition. 
Thus, the prepared membrane would be safe in the actual application and will not 
cause harm on human beings. 
7.2.1.3 Adsorption kinetics 
The adsorption kinetics of the ZNP-BFSM3 was conducted at pH 3.5 and the 
experimental data is shown in Figure 7.7. It can be found that 70% of arsenate 
equilibrium adsorption onto the ZNP-BFSM3 rapidly occurs in the first 20 h. The 
adsorption equilibrium can be obtained in 40 h. 
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Contact time (h)  
Figure 7.7. Adsorption kinetics study of arsenate onto the ZNP-BFSM3. Experiment 
conditions: the ZNP-BFSM3 dosage = 0.5 g/L; initial arsenate concentration = 60 mg-
As/L; solution pH = 3.5. 
Table 7.4 Adsorption kinetic constants obtained by different models. 
Pseudo-first order model Pseudo-second order model 
K1 (1/h) qe (mg/g) r2 K2 ( (g/mg)/h) qe (mg/g) r2 
0.0418 60.65 0.975 0.00125 68.96 0.991 
 
The adsorption kinetics data was further analyzed by pseudo-first order and 
pseudo-second order model and the related constants are listed in Table 7.4. As shown 
in Figure 7.7 and Table 7.4, both of pseudo-first order and pseudo-second order model 
curve can fit the experimental data well. According to the correlation coefficient value 
(r2), the pseudo-second order model works better to fit the experimental data, 
indicating adsorption of arsenate might be controlled by chemisorption process (Zeng 
et al., 2008). The previous study showed that the uptake of arsenate onto the ZNP 
could reach equilibrium within 12 h which is much faster than that of the membrane 
(Ma et al., 2011). As introduced by Ma et al. (2011), the adsorption process of the 




ZNP was mainly controlled by the surface diffusion. While the ZNP embedded in the 
PSF polymer matrix, the surface diffusion may be reduced and the adsorption rate 
slows down consequently. 
7.2.1.4 Effect of ionic strength 
The effect of the ionic strength on the adsorption of arsenate onto the ZNP-BFSM3 
was studied and the result is shown in Figure 7.8. No obvious change in the 
adsorption of arsenate is found as the ionic strength increases from 0 to 0.1 M. The 
result indicates that the adsorption of arsenate onto the ZNP-BFSM3 is controlled by 
the inner-sphere complex mechanism, which is consistent with the result of the 
adsorption behavior of the ZNP (Ma et al., 2011). 


















Figure 7.8. Effect of ionic strength on arsenate adsorption by the ZNP-BFSM3. 
Experimental conditions: ZNP-BFSM3 dosage = 0.5 g/L; initial arsenate 
concentration = 60 mg-As/L; solution pH = 3.5; contact time = 48 h. 




7.2.1.5 Effects of coexisting substances 
To evaluate the selective adsorption of the ZNP-BFSM3 towards arsenate, a series 
of competitive adsorption experiments were conducted. Humic acid (HA) was chosen 
to represent natural organic matter (NOM) in the study. The effects of other 
coexisting anions including phosphate, silicate, carbonate, and fluoride with different 
concentrations referred to their actual concentration level in geothermal water were 





















































































Figure 7.9. Effects of phosphate, silicate, carbonate, fluoride and HA on the 
adsorption of arsenate by the ZNP-BFSM3. Experiment conditions: the ZNP-BFSM3 
dosage = 0.5 g/L; initial arsenate concentration = 60 mg-As/L; solution pH = 3.5; 
contact time = 48 h. 
As shown in Figure 7.9, the adsorption capacity is not change significantly at the 
presence of HA. The result seems not similar with the ZNP adsorption process, which 
may be as a result that the membrane has excluded the HA by sieve mechanism (Ma 
et al., 2011). The ZNP will not directly interact with HA, thus the adsorption site 
would not be blocked by HA. However, the uptake of arsenate is slightly hindered by 




the presence of phosphate, carbonate, fluoride or silicate. The reduction of adsorption 
capacity may due to the competitive adsorption of the coexisting ions by the ZNP-
BFSM3. 
7.2.2 Batch adsorption experiments for organoarsenic removal 
7.2.2.1 Adsorption isotherm 
As discussed above, the ZNP shows a remarkable adsorption performance on the 
organoarsenic removal as well. The adsorption isotherm study of organoarsenic by the 
ZNP-BFSM3 was conducted at pH 7. Both Langmuir and Freundlich models were 
used to describe the relationship between the amount of organoarsenic adsorbed and 
its equilibrium concentration in solution.  
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Figure 7.10. Adsorption isotherms of MMA and DMA onto the ZNP-BFSM3. 
Experimental conditions: ZNP-BFSM3 dosage = 1 g/L; solution pH = 7; contact time 
= 48 h. 
 




Table 7.5 Langmuir and Freundlich isotherm constants for adsorption of 
organoarsenic by the ZNP-BFSM3. 
Adsorbate Langmuir isotherm Freundlich isotherm 
 qmax  (mg/g) 
b  
(L/mg) r
2 K  (mg(1-1/n)L1/n/g) 1/n r
2 
MMA 21.61 0.759 0.943 9.96 0.204 0.915 
DMA 11.11 0.132 0.986 2.97 0.288 0.967 
 
As shown in Figure 7.10 and Table 7.5, the experimental data is fit with Linearized 
Langmuir isotherms better. Based on the Langmuir model, the maximum adsorption 
capacity of MMA and DMA by the ZNP-BFSM3 is calculated to be 21.61 and 11.11 
mg-As/g, respectively. 
7.2.2.2 pH effect 


















Solution pH  
Figure 7.11. Effect of pH on the adsorption of organoarsenic by the ZNP-BFSM3. 
Experimental conditions: the ZNP-BFSM3 dosage = 1 g/L; initial organoarsenic 
concentration = 35 mg-As/L; contact time = 48 h. 




To evaluate the effect of pH on the MMA and DMA adsorption on the ZNP-
BSFM3, batch adsorption experiments were carried out at different pH ranging 2-12. 
The experimental result shown in Figure 7.11 demonstrates the adsorption of MMA 
and DMA on the membrane is pH dependent. The high MMA uptake is observed in 
the pH range 2-9. However, the adsorption of DMA increases with an increase in pH, 
and reaches a maximum uptake at pH around 8. The uptake of both MMA and DMA 
decreases at extremely alkaline condition. Comparing with the previous study on the 
ZNP, a significant buffering effect from the membrane can also be observed during 
the organoarsenic adsorption (Zheng et al., 2012a). 
7.2.2.3 Adsorption kinetics 
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Figure 7.12. Adsorption kinetics study of organoarsenic onto the ZNP-BFSM3. 
Experiment conditioins: the ZNP-BFSM3 dosage = 1 g/L; initial organoarsenic 
concentration = 30 mg-As/L; solution pH =7. 
The batch adsorption kinetics experiments on the MMA and DMA adsorption by 
the ZNP-BFSM3 was conducted under the neutral pH 7. As shown in Figure 7.12, it 




can be found that most of MMA adsorption by the ZNP-BFSM3 rapidly occurs in the 
first 48 h while most of DMA adsorption took place in the first 24 h, followed by a 
relatively slow process.  
Table 7.6 Adsorption kinetic constants obtained by different models. 
Adsorbate 
Pseudo-first order model Pseudo-second order model 
K1 (1/h) qe (mg/g) r2 K2 ( (g/mg)/h) qe (mg/g) r2 
MMA 0.0223 20.747 0.965 0.00449 20.24 0.992 
DMA 0.0162 8.099 0.978 0.00631 8.44 0.986 
 
Furthermore, the adsorption kinetics data is also analyzed by pseudo-first order 
model and pseudo-second order model. As shown in Figure 7.12 and Table 7.6, the 
pseudo-second order model works better than the pseudo-first order model with the 
correlation coefficient value (r2) of 98 %. The uptake of MMA and DMA reaches 
pseudo-equilibrium within 120 hrs. Similar as the MMA adsorption by the ZNP, the 
slower adsorption rate of organoarsenic onto the membrane than that of inorganic 
arsenic can be observed. 
7.2.2.4 Effect of ionic strength 
The effect of the ionic strength on the adsorption of organoarsenic by the ZNP-
BFSM3 was studied, and the results are shown in Figure 7.13. It is found that the 
adsorption process does not change significantly as the ionic strength increase from 0 
to 0.1 M. Thus, the inner-sphere complex adsorption is considered as the main 
mechanism of the organoarsenic removal by the ZNP-BFSM3, which is consistent 
with the result of the adsorption behavior of the ZNP. 























Figure 7.13. Effect of ionic strength on organoarsenic adsorption by the ZNP-BFSM3. 
Experiment conditions: the ZNP-BFSM3 dosage = 1 g/L; initial organoarsenic 
concentration = 30 mg-As/L; solution pH =7. 
7.2.2.5 Effects of coexisting substances 
NOM and several commonly present anions such as phosphate, silicate, 
bicarbonate and fluoride may affect the surface property of the adsorbent and compete 
with the active sites. The effects of coexisting substances on the uptake of MMA and 
DMA by the ZNP-BFSM3 were investigated in different concentrations and the 
results are shown in Figure 7.14. HA is chosen as the representative NOM with the 
concentration of 0, 1, 5 and 10 mg/L. As one can see the presence of silicate and 
humic acid pose a negligible effect on the adsorption of MMA and only a slight 
influence on MMA uptake occurs in the presence of bicarbonate and fluoride ions. 
However the existence of phosphate enhances the adsorption of MMA a bit which is 
consistent with the observation of that of the MMA adsorption by the ZNP. The 
uptake of DMA is hindered by the presence of phosphate, silicate, bicarbonate, 




fluoride and HA in the solution which indicates the strong competition of the co-








































































































































































Figure 7.14. Effects of phosphate, silicate, bicarbonate, fluoride and HA on the 
adsorption of (a) MMA and (b) DMA by the ZNP-BFSM3. Experiment conditions: 
the ZNP-BFSM3 dosage = 1 g/L; initial organoarsenic concentration = 30 mg-As/L; 
solution pH = 7; contact time = 48 h. 




7.2.3 Continuous filtration experiment  
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Figure 7.15. Filtration experiment on arsenate removal by the ZNP-BFSM3. 
Experiment conditions: the ZNP-BFSM3 weight = 0.16 g; effective area = 12.56 cm2; 
initial arsenate concentration = 200 µg/L; pressure =10 psi; flow rate = 9 mL/min. 
A continuous dead-end filtration study for the arsenate removal by the ZNP-
BFSM3 was performed. The simulated arsenic contaminated water was synthesized 
by adding arsenate into tap water. As shown in Figure 7.15, the arsenic concentration 
in permeate could remain below the maximum contaminant level (MCL = 10 µg/L) as 
the volume of the treated solution is less than 10 L with the membrane effective area 
of 12.56 cm2. The adsorption capacity at breakthrough point (when the effluent 
concentration is above MCL) is 1500 mg-As/m2. This value is much higher than that 
of the YFNP-BFSM2.0. According to this adsorption capacity, for the arsenic 
contaminated water with initial arsenate concentration of 200 µg/L, 1 m2 of the ZNP-
BFSM3 can be used to successfully treat nearly 8000 L arsenic contaminated water 
under neutral pH condition and a pressure of 10 psi (0.69 bars). Moreover, the 
operation time required by the ZNP-BFSM3 is only 18.61 h, much faster than that of 




the ZNP embedded HFM. As reported by He et al. (2014), it required 501.56 h for 1 
m2 of the ZNP embedded HFM to treat 2.65 × 104 L arsenic contaminated water with 
lower initial arsenic concentration (84.6 µg/L) under its optimum pH condition of 3.5-
4.5. Thus the flat sheet membrane is more favorable for industrial application. 
7.2.4 Spectroscopic analysis 
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Figure 7.16. XPS O 1s spectra of the ZNP-BFSM3 before (a) and after (b) arsenate 
adsorption. 
XPS is a useful tool for the determination of existence and chemical state (i.e. 
valence) of element. The high resolution scans of O 1s spectra of the ZNP-BFSM3 
before and after arsenate adsorption were analyzed by XPS. The high resolution scan 
of O 1s spectrum of the virgin ZNP-BSFM3 can be decomposed into five component 
peaks as shown in Figure 7.16a. The peaks with binding energy of 530.5, 531.3, 531.9, 
532.8 and 533.4 eV can be assigned to the O in the forms of Zr-O, C-O, H-O, S=O of 




PSF and S-O of the ZNP (Song et al., 2000; Zheng et al., 2012a; Zheng et al., 2012b). 
After adsorption, a new component peak with binding energy of 532.4 eV appears in 
the spectrum of the As-loaded ZNP-BFSM3 which can be assigned to As-O as 
illustrated in Figure 7.16b (Zhang et al., 2010b; Zheng et al., 2011). The XPS 
spectrum demonstrates the arsenate is adsorbed onto the ZNP-BFSM3. The similar 
result could also be found on the ZNP embedded HFM (He et al., 2014). 
7.3 Chapter summary 
Four PSF/ZNP blend flat sheet membranes (ZNP-BFSM0, ZNP-BFSM1, ZNP-
BFSM2 and ZNP-BFSM3) with different ZNP loading were fabricated by phase 
inversion method. Effect of the ZNP loading on the morphology structure and 
properties such as permeability, porosity, contact angle and mechanical properties 
were studied as well. Similar to the study on the YFNP-BFSMs, the properties of the 
ZNP-BFSMs were also significantly affected by the loading of the ZNP. The addition 
of the ZNP was found to enhance the hydrophilicity, porosity and PWF but decrease 
the mechanical property of the membrane. It was worthwhile to note that more portion 
of ZNP can stay in the sub-layer of membrane comparing to that of the YFNP-
BFSMs. Meanwhile, less particles was found to emerge on the top surface layer of the 
ZNP-BFSMs. The findings indicate that the ZNP-BFSMs would have higher stability 
in the actual application especially after back-washing operation. 
According to the study of adsorption isotherm, the maximum adsorption capacity 
of arsenate, MMA and DMA was 119.63, 2161 and 11.11 mg-As/g, respectively. 
Langmuir model can be well used to describe the adsorption isotherms of arsenate, 
MMA and DMA onto the ZNP-BFSM3. The optimal pH was dependent on arsenic 
species and the property of membrane. It was observed that higher adsorption of 




arsenate can be obtained over the pH rang of 3-6. However, the high uptake of MMA 
was observed in the pH range of 2-9 and the maximum uptake of DMA was found at 
pH around 8. The adsorption rate of arsenic by the ZNP-BFSM3 was much slower 
than the ZNP. It respectively took about 48 and 80 h for arsenate and organoarsenic to 
reach the adsorption equilibrium. After the ZNP was embedded in the PSF polymer, 
the surface diffusion would be reduced resulting in the lower adsorption rate. The 
adsorption kinetics data of all arsenic species removal can be well described by 
pseudo-second order rate model. It was also found that the adsorption of both arsenate 
and organoarsenic was less sensitive to the ionic strength, which indicated the 
adsorption of arsenic onto the membrane was in accordance with inner-sphere 
mechanism. The kinetics studies showed that the uptake of arsenate was slightly 
hindered by the presence of fluoride or silicate. The presence of carbonate and 
fluoride ions posed a slightly negative influence on MMA uptake whereas the 
existence of phosphate enhanced the adsorption of MMA a bit which was consistent 
with the observation of the MMA adsorption by the ZNP. However, the uptake of 
DMA was hindered by the presence of phosphate, silicate, carbonate, fluoride and HA 
due to the strong competition of the co-existing substances with DMA.  
 The continuous dead-end filtration study showed the adsorption capacity at 
breakthrough point was 1500 mg-As/m2. That means, for the arsenate contaminated 
water with initial arsenate concentration of 200 µg/L, 1 m2 of the ZNP-BFSM3 can be 
used to successfully treat nearly 8000 L arsenate contaminated water under neutral pH 
condition and a pressure of 10 psi (0.69 bars). 
 




CONCLUSTIONS AND RECOMMENDATIONS 
8.1 Conclusions 
This study was aim to provide a promising alternative for arsenic removal from 
water. Current techniques for arsenic removal are usually restricted with the limited 
efficiency or high cost. In order to overcome these disadvantages, two types of nano-
sized adsorptive materials (the yttrium ferric binary nanoparticles (YFNP) and the 
zirconium based nanoparticles (ZNP)) and the related blend flat sheet membranes (the 
PSF/YFNP blend flat sheet membranes (YFNP-BFSM) and PSF/ZNP blend flat sheet 
membranes (ZNP-BFSM)) were developed and a series of experiments and 
characterization methods were employed to investigate their adsorption performance 
and possible mechanism. 
8.1.1 Yttrium-ferric binary nanoparticles 
The yttrium-ferric binary nanoparticles with the molar ratio of 8:1 were developed 
by co-precipitation method, and the adsorption performance was tested and the 
adsorption mechanism was studied. 
The YFNP were aggregated with nano-sized particles that results in a high surface 
area. This structure is favorable to enhance the internal diffusion and adsorption of 
arsenic anions. The point of zero charge (pHPZC) of the YFNP was 7, which meant a 
better adsorption of arsenic anions might occur at solution pH below 7. Based on the 
X-ray photoelectron spectroscopy (XPS) analysis, the oxidation state of Y and Fe in 
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the YFNP was +III. Furthermore, the actual molar ratio of Y/Fe was about 6.5:1 and 
the chemical formula of the YFNP can be deduced as Y13Fe2O3(OH)27(CO3)6·12H2O.  
The YFNP were found to have extraordinary adsorption capacity of arsenate 
(As(V)) over a wide solution pH range. The higher adsorption capacity was observed 
at acidic condition and the maximal uptake of arsenate was obtained at pH 4. The 
experimental data was better fitted with Langmuir model, and the maximum 
adsorption capacity of arsenate was 401.83 mg-As/g at pH 4. A relatively high 
adsorption capacity of 288.66 mg-As/g could still be obtained at pH 7. The kinetics 
study showed that a rapid uptake of arsenate occurred in the first 4 h and the 
equilibrium could be reached within 24 h. The pseudo-second order model worked 
better to fit the kinetics data than the pseudo-first order model, indicating the 
adsorption process of arsenate by the YFNP was a chemisorption process. The 
intraparticle diffusion model showed that the adsorption process was governed by 
intraparticle diffusion. No obvious difference in the adsorption capacity was found in 
the study of the ionic strength effect experiment which implied the formation of inner-
sphere complexes. The presence of phosphate and fluoride would hinder the 
adsorption of arsenate onto the YFNP due to the strong competition effect. According 
to the mechanism study, ion exchange process between functional groups on the 
YFNP, such as hydroxyl group or carbonate group, and arsenate ions in the solution 
might occur during the arsenate adsorption. Carbonate groups played a more 
important role in the arsenate adsorption in comparison to hydroxyl groups.  
8.1.2 Zirconium based nanoparticles 
The ZNP were synthesized by a simple one-step precipitation method. The high 
adsorption capacity of arsenate by the ZNP had been observed in previous study (Ma 
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et al., 2011). This study further examined the adsorption performance of both 
inorganic arsenite (As(III)) and organoarsenic methylarsonic acid (MMA). It was 
demonstrated that arsenite could be effectively removed by the ZNP without pre-
oxidation treatment. The adsorption processes of arsenic were highly pH dependent. 
The optimum removal for arsenite and MMA was achieved around pH 8 and 3, 
respectively. It was also found that the final solution pH was significantly lower than 
the initial pH, which implied that hydrogen ions might be released from the ZNP 
during the adsorption process. The maximum adsorption capacity for arsenite and 
MMA under their optimal pH condition was 138.75 mg-As/g and 107.25 mg-As/g, 
respectively. The experimental data of both arsenite and MMA adsorption could be 
better fit with Langmuir model. Comparing with the previous study, it could be found 
that the affinity of different arsenic species to the ZNP decreases in the order of 
inorganic As(V) > inorganic As(III) > MMA. The kinetics studies showed that most 
of the arsenite uptake rapidly occurred in the first 10 h, and the adsorption equilibrium 
was obtained within 48 h. The adsorption kinetics was well described by pseudo-
second order model, and intraparticle diffusion model analysis implied that two rate-
limiting steps were involved. The adsorption process was controlled by boundary 
layer effect at the beginning, after that the intraparticle diffusion governed the 
adsorption process. However, the adsorption of MMA took much longer time than 
that of the adsorption of inorganic arsenic. It was found that most of the MMA 
adsorption can be obtained within 120 h. The increase of background ionic strength 
did not obviously affect the adsorption of either arsenite or MMA by the ZNP. This 
suggested the adsorption process was governed by inner-sphere complex adsorption 
mechanism. The presence of carbonate decreased the uptake of arsenite, while the 
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presence of fluoride or carbonate decreased the adsorption of MMA onto the ZNP due 
to the competitive adsorption. It was noticed that the MMA uptake was enhanced by 
the presence of phosphate due to the possible formation of a ternary surface complex 
by MMA, phosphate and the ZNP. The pH effect study, adsorption kinetics study and 
the spectroscopic analysis all implied that sulfur-containing groups were replaced 
with arsenic during the adsorption process. The arsenic ions competed with sulfate for 
the active adsorption sites on the ZNP in which HSO4
- was released from the ZNP and 
solution pH was decreased. The adsorbed arsenic might form bidentate inner-sphere 
complexes on the surface of the ZNP. 
8.1.3 PSF/YFNP blend flat sheet membranes 
Five different PSF/YFNP blend flat sheet membranes (YFNP-BFSM0, YFNP-
BFSM0.5, YFNP-BFSM1.0, YFNP-BFSM1.5 and YFNP-BFSM2.0) with different 
YFNP dosage were fabricated by phase inversion method.  
Field emission scanning electron microscope (FESEM) observations revealed that 
the structures of the membranes were significantly affected by the loading of the 
YFNP. The addition of the YFNP increased the macrovoids in the structures of 
membrane and improved the hydrophilicity and porosity of membranes, which gave 
rise to the increase in the pure water flux (PWF) of the membranes. However, the 
YFNP loading could weaken the mechanical properties of the membranes.  
The batch adsorption experiments on the effects of different experimental 
parameters, namely initial arsenate concentration, solution pH, contact time, ionic 
strength, and co-existing substances, were carried out. The adsorption isotherm study 
showed that the maximum adsorption capacity of arsenate onto the YFNP-BFSM2.0 
was as high as 229.77 mg-As/g at pH 4. The Langmuir model could be used to 
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describe the experimental data. The YFNP-BFSM2.0 was chosen for the application 
studies due to its high adsorption capacity. Most of arsenate adsorption by the YFNP-
BFSM2.0 rapidly occurred in the first 12 h and the adsorption equilibrium can be 
obtained within 24 h. The pseudo-second order model curve fitted the experimental 
data well. The adsorption of arsenate was found to be independent on the background 
electrolyte concentration, indicating inner-sphere complexes were formed on the 
YFNP surface. The study of coexisting substance effect showed the uptake of arsenate 
was hindered by the presence of fluoride and phosphate. These findings were 
consistent with the study of arsenate adsorption process by the YFNP.  
Continuous dead-end filtration studies of the YFNP-BFSM2.0 were performed at 
different influent solution pH and it was demonstrated that the influent pH did not 
affect the filtration performance significantly. The adsorption capacity at 
breakthrough point was around 910 mg-As/m2. The result revealed that 1 m2 of the 
YFNP-BFSM2.0 can be used to successfully treat nearly 9500 L arsenate 
contaminated water with initial arsenate concentration of 100 µg-As/L under a very 
low pressure of 5psi. 
8.1.4 PSF/ZNP blend flat sheet membranes 
Four PSF/ZNP blend flat sheet membranes (ZNP-BFSM0, ZNP-BFSM1, ZNP-
BFSM2 and ZNP-BFSM3) with different ZNP loading were fabricated by phase 
inversion method. Effect of the ZNP loading on the morphology structure and 
properties such as permeability, porosity, contact angle and mechanical properties 
were studied as well.  
Similar to the study of YFNP-BFSMs, the properties of the ZNP-BFSMs were also 
significantly affected by the loading of the ZNP. The addition of the ZNP was found 
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to enhance the hydrophilicity, porosity and PWF but decrease the mechanical property 
of the membrane. It was worthwhile to note that more portion of ZNP can stay in the 
sub-layer of membrane comparing to that of the YFNP-BFSMs. Meanwhile, less 
particles was found to emerge on the top surface layer of ZNP-BFSMs. The founding 
indicated that the ZNP-BFSMs would have higher stability in the actual application 
especially after back-washing operation. Comparing to the hollow fiber membrane 
these flat sheet membranes were easier prepared and had extraordinary higher water 
flux. Thus, the cost of manufacture and operation could be reduced.  
The ZNP-BFSM3 was found to have the highest adsorption capacity among the 
four ZNP-BFSMs. Thus, it was chosen to investigate the removal performance of both 
arsenate and organoarsenic. According to the study of adsorption isotherm, the 
maximum adsorption capacity of arsenate, MMA and dimethylarsinic acid (DMA) 
onto the ZNP-BFSM3 was 119.63, 2161 and 11.11 mg-As/g, respectively. The 
Langmuir model can be well used to describe the adsorption isotherm processes. The 
optimal pH was dependent on arsenic species and the property of the membrane. It 
was observed that higher adsorption of arsenate can be obtained over the pH rang of 
3-6. However, the high uptake of MMA was observed in the pH range of 2-9 and the 
maximum uptake of DMA was found at pH around 8. Comparing to the study of 
arsenate removal by ZNP, a buffering effect of the membrane matrix was responsible 
to the change of optimal pH. The adsorption rate of arsenic by PSF/ZNP membrane 
was much slower than the ZNP. It respectively took about 48 h and120 h for arsenate 
and organoarsenic to reach the adsorption equilibrium. After the ZNP was embedded 
in the PSF matrix, the surface diffusion would be reduced resulting in the lower 
adsorption rate. The adsorption kinetics data of all arsenic species removal can be 
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well described by pseudo-second order rate model. It was also found that the 
adsorption of both arsenate and organoarsenic was less sensitive to the ionic strength, 
which indicated the adsorption of arsenic onto the membrane was in accordance with 
inner-sphere mechanism. The competitive adsorption studies showed that the uptake 
of arsenate was slightly hindered by the presence of phosphate, carbonate, fluoride or 
silicate. The presence of bicarbonate and fluoride ions posed a slightly negative 
influence on MMA uptake whereas the existence of phosphate enhanced the 
adsorption of MMA a bit which was consistent with the observation of the MMA 
adsorption by the ZNP. However, the uptake of DMA was hindered by the presence 
of phosphate, silicate, carbonate, fluoride and humic acid (HA) due to the strong 
competition of the co-existing substances with DMA. 
The continuous dead-end filtration study performed on the ZNP-BFSM3 showed 
the adsorption capacity at breakthrough point was 1500 mg-As/m2. That means, for 
the arsenate contaminated water with initial arsenate concentration of 200 µg/L, 1 m2 
of the ZNP-BFSM3 can be used to successfully treat nearly 8000 L arsenate 
contaminated water under neutral pH condition and a pressure of 10 psi (0.69 bars). 
The operation time required by the ZNP-BFSM3 was only 18.61 h, much faster than 
that of the ZNP embedded HFM. Moreover, the ZNP-BFSM3 with higher handling 
capacity and less time consumption was more favorable for the actual application than 
YFNP-BFSM2.0. 
8.2 Recommendations  
Based on the investigations and findings of this study, a few recommendations are 
proposed below for future work. 
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8.2.1 Experimental study 
In this present study, both of the developed nanoparticles and the adsorptive 
membranes demonstrated quite good adsorption capacities for arsenic removal. 
However the regeneration of these materials is also important for their practical 
applications. Based on the purpose of long-term operation, specific reagents should be 
developed to recover the adsorption capacities and clean up the fouled membranes 
simultaneously. 
Meanwhile, the adsorptive materials including nanoparticles and blend flat sheet 
membranes were only tested by synthetic water in laboratory scale. It is important to 
investigate their practical adsorption efficiency using arsenic contaminated natural 
water. The impurities in the natural water such as colloid particles, natural organic 
matters and phosphate ions might hinder the adsorption performance and cause server 
membrane fouling. The pilot scale studies could be conducted to figure out the 
limiting factors in practice. The membrane would have to be tested by a series of 
operation conditions such as trans-membrane pressure, flow rate, temperature and 
cross-flow velocity. Eventually, the optimum operation parameters could be 
determined accordingly and proper pretreatments would be selected to prevent the 
occurrence of serious membrane fouling. The cross-flow filtration could also be 
applied to reduce the membrane fouling. The research of these problems would be 
carried out in the future. 
8.2.2 Mechanism study 
 Two interesting phenomena were noticed in this study. First, an enhancement of 
the adsorption of MMA onto the ZNP by the presence of phosphate was observed. 
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Secondly, certain buffering effects were observed on the ZNP from the membrane 
was identified during the adsorption of arsenic by the ZNP-BFSM3. Similar 
phenomena were observed by many other researchers. The possible mechanisms have 
been proposed; however, more efforts need to be devoted to further confirm the 
possible mechanism. Further analysis utilizing X-ray photoelectron spectroscopy 
(XPS), Fourier transform infrared spectroscopy (FTIR), Nuclear magnetic resonance 
(NMR), and X-ray absorption fine structure spectroscopy (XAFS) may provide a 
better understanding of the physicochemical interaction between the target 
contaminants and the adsorbents. The research of these mechanisms would be carried 
out in the future. 
The hydrophilicity of the loading nanoparticles and membrane matrix might play a 
key role in the membrane structure and the distribution of nanoparticles in the 
membrane matrix. Compared with the morphology of the YFNP-BFSMs, more 
portions of the ZNP can be found in the sub-layer of the ZNP-BFSMs. This may be 
due to the higher hydrophilicity of the YFNP than that of the ZNP. Some modification 
could be done to improve the hydrophilicity of polymer to further enhance the 
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